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Abstract
Nanoplasmonics concerns the study of light-metal interactions on a subwavelength scale, exhibiting
behaviour able to achieve arbitrary control and manipulation of light at the nanoscale, an important
goal for the further development of nanophotonic devices. As the field of plasmonics advances, re-
search is looking beyond the materials and fabrication techniques traditionally employed. This thesis
discusses the design, fabrication methods, and characterisation of nanoplasmonic structures. A com-
parison between two electron beam based fabrication techniques, electron beam lithography (EBL)
and electron beam induced deposition (EBID), is presented. The discussion covers both the fabri-
cation technology and the properties of the resulting nanoscale structures: gold nanoscale features
obtained via standard EBL, and tungsten structures achieved through EBID. As a mature technology,
the well-understood characteristics and reliable fabrication procedures of electron beam lithography
are weighed up against the limitations of top-down planar fabrication. Electron beam induced depo-
sition is presented as an alternative technology, able to achieve nanoscale fabrication resolution with
a point-and-shoot bottom-up deposition technique, but constrained by the lack of optimised fabri-
cation settings as a result of incomplete understanding of a complex set of patterning parameters.
Direct-write EBID technology offers to overcome several of the limitations and challenges of electron
beam technology, including three-dimensional and greyscale patterning, and precise alignment and
orientation of nanoscale features on arbitrary substrate patterns.
This thesis also presents the discussion of chirped plasmonic diffraction gratings as a specific appli-
cation in nanoplasmonics. Their theoretical design based on Fourier analysis and simulation-based
design, their fabrication using both electron beam lithography and induced deposition, as well as the
characterisation of their far-field diffraction pattern are discussed in detail. As part of the character-
isation step, a Fourier microscopy setup for the measurement of the far-field diffraction patterns of
nanophotonic structures in both reflection and transmission was constructed.
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Chapter 1
Introduction
Light is a powerful, versatile, and widely used tool in science and technology. From being used for
carrying information, for optical measurements, and as a source of energy, the list of applications
using light across a wide range of sectors is seemingly endless. However, light is currently restricted
in its applications by the size of the components used to manipulate it. There is a strong need
for the downscaling of optical components and devices, in order to further explore and utilise the
advantages offered by light in many applications. To enable light to compete and interact with in-
tegrated electronics, there is a need for light manipulation and control at the nanoscale. Current
optical components are large and bulky, which is a fundamentally detrimental characteristic for their
applicability in scaled-down optical technologies, causing them not only to be unable to compete with
integrated electronics in size, but to be limited in the extent to which light itself can be manipulated
with nanoscale precision.
This project examines some of the physical concepts able to assist in the achievement of micro- and
nanoscale optical applications, and the fabrication methods required to obtain them. The main area
of research is nanoplasmonics, the study of the interaction of light and metals at the nanoscale, and
a particular chirped grating application is explored as a scaled-down alternative for currently bulky
optical technologies. Particular emphasis was placed on the fabrication process, with two separate
nanofabrication methods being employed throughout the project, to compare the benefits and disad-
vantages of both methods.
A first chapter contains a literature review of the current state of the art in the field of nanoplasmonics,
comprising an overview of the relevant physical concepts, encompassing the history and development
of the field of plasmonics, and outline the state of the art applications and research, providing a par-
ticular focus on the use of plasmonics as a building block for metamaterials. The chapter also includes
a discussion of the traditional nanoplasmonic fabrication methods and materials and compares them
with novel fabrication procedures.
A second chapter covers the fabrication procedures used throughout the process, starting with a
detailed discussion of a well-established top-down lithographic etch-back method used to fabricate
gold nanoplasmonic structures on flexible polymer membranes. A chirped grating application made
using this configuration is discussed, for the creation of a 2D light array which could be mounted on a
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fibre for use in endoscopy applications. The overview of the development involves the theory, design,
and fabrication steps of the chirped grating as a discrete equivalent of blazed diffraction gratings.
A second fabrication method is presented, concerning Electron Beam Induced Deposition (EBID) of
tungsten using the Gas Injection System (GIS) of the Raith e-Line Plus nanofabrication [143] tool.
The discussion includes a detailed analysis of the setup, alignment and fabrication process using the
gas injection system, and the use of the pattern design tool and recipe settings.
Moving on from fabrication to characterisation, a third chapter concerns the development of a Fourier
microscope as a far-field measurement setup, to be used in the characterisation of diffraction patterns
and detection of optical effects of EBID-generated structures. A fourth chapter discusses the results
obtained from the chirped grating and electron-beam induced deposition samples in relation to their
fabrication procedures and measurements. The results also contain an outline of future work to be
performed as the next step for each topic.
To conclude, the top-down lithographic and electron beam induced deposition fabrication methods
are compared, discussing the benefits and drawbacks of working within the limitations of well-known
methods and materials using mature technologies, and exploring new opportunities that become avail-
able when using newer fabrication methods and materials.
14
Chapter 2
Literature Review
2.1 Introduction
It is potentially forbidden, or at least severely frowned upon, to compose an introduction to the field
of plasmonics without mentioning the Lycurgus Cup, an ancient artefact and illustration of an early,
though accidental, application of plasmonics. As it is such an iconic item for the field of research this
thesis belongs to, I went to see it in person.
Figure 2.1 – The Lycurgus Cup, displayed in the British museum, is the oldest complete known example
of a plasmonic application. Gold and silver nanocolloids cause the cup to appear green in reflection and
red in transmission. The image on the left shows a mix of green and red colours on the cup, depending
on the specific illumination conditions. The image on the righthand side shows that when the interior of
the cup is illuminated the exterior of the cup appears red, from the transmitted light, while the interior
of the cup appears green, showing the reflected light.
The Lycurgus Cup is on display in London, at the British Museum, where it can be found in Room
41: early Europe 300 - 1100 AD [1]. It sits by itself in a small glass box in its own column, receiving
considerably less attention than the grand display of treasures of the impressive Anglo-Saxon Sutton
Hoo Ship Burial archeaological find taking up most of the room [2]. The lighting configuration of
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the cup changes periodically, between a single spotlight right above the centre of the cup, illumi-
nating the interior of the cup, and 4 spotlights placed further to the side of the glass box, shining
on the cup exterior. As this happens, the appearance of the cup changes from the glass having a
red glow, to it looking green. The short explanation card provided by the museum is limited mostly
to the discussion of the mythical scenes displayed on the cup, and does not mention the peculiar
nature of the colour-changing glass. The reason for the change in colour is that the makers of the
late-Roman/early-European glass cage cup (accidentally) embedded gold and silver nanocolloids in
the glass, micro-crystals formed of small gold and silver particles. The nanocolloids have a plasmonic
resonance peak in the green part of the visible light spectrum, and consequently heavily interact with
incident light of that wavelength. As a result, green light is mostly reflected by the glass off the cup,
whereas wavelengths far away from the resonance (mostly in the red part of the visible spectrum),
are transmitted through the glass. This makes the cup look green when it is illuminated from the
outside and the observer sees the reflected light, and red when it is illuminated from the inside and
the transmitted light is seen [3].
Although the Lycurgus Cup is an example of plasmonics being used millennia ago, the start of the
physical study of plasmonics is often attributed to Gustav Mie’s theory of scattering of light be small
particles [4] [20]. After the formulation of the theory which broadly explains and predicts nanoplas-
monic behaviour, it took several decades for experimental work focussing on plasmonics to take off,
which happened in the 1970s and 1980s with the development of Surface-Enhanced Raman Scattering
(SERS) [33]. The amount of publications relating to plasmonics has steadily increased since the 1990s
[5], covering a range of applications [6] - [16].
The following chapter contains an overview of plasmonics concepts and applications, and electron
beam lithography and electron beam induced deposition nanofabrication techniques.
2.2 Plasmonics and Metamaterials: Physical Concepts and
Applications
Nanoplasmonics is an area of study concentrating on the interaction of light and metals at the
nanoscale. Although the field is mostly confined to classical physics, it does exhibit a range of
unusual and unintuitive characteristics and material behaviour. The following sections provide an
outline of the physical concepts governing plasmonic behaviour, an overview of the advantages and
disadvantages of plasmonic characteristics, and a review of applications.
2.2.1 Plasmonic Physical Concepts
Plasmonics is the study of the interaction of light and metals, a topic discussed extensively in Stefan
Maier’s 2007 book Plasmonics: Fundamentals and Applications [20]. A plasmon polariton, often
simply called a plasmon, is a quasiparticle consisting of a photon and vibrating free electrons in the
metal. The word plasmon refers to the plasma of vibrating electrons, whereas the word polariton
expresses that the (quasi-)particle is not merely a quantisation of the free electron plasma, but that
16
the plasma oscillations are coupled to electromagnetic radiation.
When light hits a metal surface, the electrons in the metal react to the electromagnetic field, and
attempt to neutralise the disruption. If the frequency of the incoming light is sufficiently low, the
reaction of the electrons is fast enough to counteract the created effect, and the light will be reflected.
If the frequency is too high, the electrons are not able to follow the vibrations and the material will
appear transparent to the incoming radiation. The plasma frequency ωp
ω2p =
N0e
2
0me
(2.1)
is completely determined by the material properties and indicates the boundary between reflective
and transparent behaviour. Here N0 is the electron density in the material, e is the electron charge, 0
is the permittivity in vacuum, and me is the electron mass. The transparent behaviour of the metal is
often referred to as the dielectric regime, whereas the reflected frequencies are said to experience the
material’s metal regime. For most metals the plasma frequency is greater than visible frequencies,
which is why metal surfaces appear shiny: the photons of the visible part of the spectrum hitting
the surface are reflected. Only when the frequency of the incoming light is higher than the plasma
frequency, will plasmons be able to propagate through the material, making the material transparent
to those photons.
The above paragraphs provide a basic explanation of the interaction between light and metals, but
do not explain how plasmons can be formed. There are actually several types of plasmons: of most
interest are the ones that exist on a metal-dielectric interface and have the ability to propagate
(Propagating Surface Plasmon Polaritons, (P)SPP) or form a type of standing wave on a small metal
particle (Localised Surface Plasmon Polaritons, LSPP). Volume, or bulk, plasmons exist as well, but
are not discussed in detail here as the majority of applications and research focus on surface plasmonic
effects to an extent that when the term plasmonics is used, the intended meaning is often surface
plasmonics.
Starting from Maxwell’s equations it is possible to calculate the electric and magnetic fields of a wave
propagating at the metal-dielectric interface. From these calculations it follows that TE polarised
waves cannot be sustained on this interface, while TM waves can, and create a surface plasmon with
a propagation constant β, as indicated in equation 2.2.
β = k0
√
dm
d + m
(2.2)
Where k0 is the wave number in vacuum, d is the permittivity of the dielectric, and m the per-
mittivity of the metal. This propagation constant is different from the propagation constant of the
incident light, so momentum will have to be added in order to couple light into the plasmonic mode
e.g. through prism coupling techniques or through a grating, as seen in the second term of equation
2.3:
17
β = kdsin(θ) +m
2pi
a
(2.3)
where a is the grating period, m the order number, and θ the angle of wave vector kd with the normal
to the surface [20].The angle θ at which the light can be coupled is very sensitive to the value of
the plasmon propagation constant β, which in turn can be influenced by changes to the environment
(they affect the value of d). This makes propagating plasmons ideal candidates to use as refractive
index sensors (through permittivity), an application which has been commercialised, and other sens-
ing applications [6] [11]. Plasmons propagating along a metal-dielectric interface penetrate into both
materials. Their skin depth is inversely proportional to the absolute value of the permittivity of the
material, which means the plasmon usually penetrates deeper into the dielectric than the metal [20].
Instead of propagating along an extended metal-dielectric interface, localised surface plasmons (LSPs)
are localised electron plasma excitations caused by scattering phenomena of electromagnetic radiation
from a subwavelength metallic particle [10]. The electrons in the metallic particle react to the incident
field and at a certain frequency, depending on the material and shape of the particle, achieve a
resonating regime able to strongly amplify the electromagnetic field around the particle, concentrating
light to subwavelenth dimensions. The strength of the plasma resonance depends on the polarisability
(α) of the particle, which for particles a lot smaller than the wavelength of the incident radiation is
given by the Fro¨lich condition (equation 2.4), where a is the particle radius. The resonance will be
exhibited at frequencies for which particle and medium reach a minimum for m + 2d (m = metal
permittivity and d = dielectric permittivity). This resonance falls in the visible region for gold and
silver, two commonly used materials for plasmonic structures [20].
α = 4pia3
m − d
m + 2d
(2.4)
Next to the refractive indices of the metal and dielectric medium, the resonant mode frequency and
shape also depends on the particle shape and size. The resonant response can be rigorously deter-
mined using Mie theory. Unlike propagating surface plasmons, localised plasmons do not require
an exact amount of added momentum and are therefore easier to excite, but their lower sensitivity
to environmental conditions makes them less suitable for sensing applications as their response at
frequencies close to resonance conditions will still be considerable [20].
2.2.2 Plasmonic Properties: Advantages and Drawbacks
The theory of plasmonic operation is well-studied and understood, and over the years researchers
have come up with a wide range of potential applications. Plasmonics have a lot of advantageous
characteristics to be exploited, including their narrow confinement ability, enabling focussing beyond
the diffraction limit [10] [24] [25] [27], and guiding effects along metal-dielectric interfaces [6] [28].
The narrow confinement also leads to the obtainment of high localised intensity profiles [13] which
can be exploited for applications using non-linear effects, which tend to require high intensities [29]
[30]. Drawbacks of plasmonics include the high sensitivity to refractive index, leading to strict de-
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sign and equipment requirements for plasmonic experimental setups operating at optimal efficiency.
Plasmonics also experience high losses which decrease the efficiency of any potential applications and
cause local heat production which can cause damage to the sample [25] [26] [31].
The high level of light-matter interaction around plasmonic frequencies leads to considerable amounts
of light absorption by the metal, resulting in strong attenuation of the propagating or localised SPPs,
their energy being dissipated as heat into the metal [6] [21]. Apart from the loss of efficiency due
to optical losses, the heating of the material can be detrimental to the material itself, damaging the
plasmonic structures or substrate and even destroy them, and influencing the temperature-dependent
plasmonic behaviour [12]. This is especially relevant in localised surface plasmon applications where
the field strength is amplified by several orders of magnitude, creating a considerable amount of heat
[31].
For feature dimensions smaller than λ2n the magnetic energy of an electromagnetic wave confined to
the structure has considerably less magnetic energy than electric energy [25]. This means not all
electric energy can be converted into magnetic energy every half period. When free electrons are
available this energy gets converted into kinetic energy held by the electrons instead. At the plasmon
resonant frequencies the amount of energy held by the electrons restores the electromagnetic energy
balance upset by the subwavelength structure. This energy is lost at the scattering rate of electrons in
a metal, dissipating a lot of energy as heat within the metal. These losses are an intrinsic property of
the size of the structures and the material, and are unavoidable when working at optical frequencies
[20] [25].
It has been suggested that losses in plasmonic structures could be compensated by fabricating plas-
monic materials with gain, so that the gain cancels out the losses [25], other possibilities include
looking for different plasmonic materials [21]. If the losses are compensated by gain, the problem of
heat dissipation remains. References [22] and [23] discuss a setup in which Transparent Conducting
Oxides (TCOs) are used as a substrate for the plasmonic structures. If a good ohmic contact exists
between the metallic plasmonic structures and the conductive membranes, the free electrons carry-
ing the excess energy can move into the membrane and spread out on a sub-picosecond timescale
[23], which will allow the heat to diffuse across a larger area, and into the membrane instead of the
plasmonic structures. The option of dealing with losses by using alternative plasmonic materials is
discussed in more detail in a separate section below.
2.2.3 Plasmonic Applications
Plasmonic have been used in commercial applications for millennia, using their interesting and aes-
thetic colour effects to obtain coloured glass including Roman pottery and European mediaeval stained
glass windows [1] [4]. Although these are undeniably early commercial successes which have stood
the test of time, they were produced without a true understanding of the plasmonic processes taking
place. However, plasmonic sensors based on modern understanding of plasmonic effects are also com-
mercially available, and are being used in cancer treatment methods and in electronics components
[32], indicating that despite their drawbacks, plasmonics can move beyond the research-stage and
become commercially viable applications.
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Research is being performed in a range of areas including several where commercial success has al-
ready been achieved, as mentioned by Stefan Maier in the August 2015 Nature Photonics Editorial
[32]. The sensitivity of plasmonics to refractive index changes, which is often a drawback as it sets
very narrow tolerance values on setup requirements, is also a characteristic which can be exploited to
make high-performance sensors [12]. Another area where plasmonics can be used for sensing purposes
is Surface-Enhanced Raman Spectroscopy (SERS), which uses plasmonic features to increase the local
intensity of the interaction with light to increase the amount of Raman scattering taking place [33]
[34]. SERS can be used in a variety of applications, including in the field of biophotonics, which is
also a popular area for other plasmonic applications [11]. More than just sensing and detecting light,
plasmonics can be used in applications seeking to collected light, which can be useful for a range of
applications to increase the interaction of a device with light, e.g. in solar cell applications [35].
The interaction of plasmonics with light can go beyond detection and collection, to engineer arbitrary
control or manipulation of light. This arbitrary control can be achieved by using plasmonic structures
as the basic building block for metamaterials, a periodic array of nanoscale structures which forms
a material with specifically engineered bulk properties [16] [38]. In order to grasp the concept of
metamaterials, it helps to understand that when light interacts with materials, the behaviour can
be described using the bulk properties of the material (permittivity, permeability, etc.), and does
not require taking the individual atoms and crystal structure into account. This is the case because
the wavelength of visible light (around 400 - 700 nm) is several orders of magnitude larger than
the size of the individual building blocks of the material (around 0.1 nm or 1 A˚). Using nanoscale
fabrication techniques (see chapter 3) it is possible to construct periodic arrays of nanoscale written
patterns which form an array of meta-atoms to create a metamaterial. The interaction of light with
this metamaterial can be described by the same bulk variables including permittivity and perme-
ability. By specifically engineering the characteristics of the meta-atoms and their distribution to
form the metamaterial, bulk properties can be achieved which do not appear in nature [39] [40]. In
order to obtain effective interaction of the light with the meta-atoms they can be constructed from
plasmonic materials, and the fields of metamaterials and plasmonics have evolved together [5] [41].
Metamaterials can be achieved in 3D structures, although they can be challenging to fabricate due
to restrictions in nanoscale fabrication techniques (see section 3.1). As an alternative the fabrication
of metasurfaces, a 2D metamaterial consisting of a single layer (or a small amount of layers) of small,
planar plasmonic structures, is more straightforward to fabricate and has been widely researched [42]
[43].
Applications aimed at controlling and manipulating incident light include a wide range of applications,
some of which are optical cloaking [44], epsilon-near-zero and negative refractive index materials [9]
[16], filters [47], nanoantennas [27] [46], flat optics [45] [48], periodic gratings, and other diffraction
pattern generators [50]. Among the diffraction pattern generating components are plasmonic chirped
gratings, which are of particular interest to obtain broadband interactions in applications for sensing,
collecting, guiding, and manipulating light [51] [52] [53] [54]. There are even metamaterials designed
to be reconfigurable, by thermally, optically, or electromagnetically switching between different states
of the material to invoke different light-matter interactions [55].
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2.2.4 Enhancing the Application Possibilities of Plasmonics
Flexible plasmonics
As can be seen in the overview of applications provided in the paragraphs above, the potential reach
of plasmonics applications is very wide. Plasmonics are, however, limited not only by their inherent
disadvantageous drawbacks, but also by the limitations of fabrication equipment. As nanoscale fabri-
cation is needed, traditionally a lot of experiments were and still are performed on samples made using
top-down Electron Beam Lithography (EBL, see 3.1), which is limited to rigid and planar sample
fabrication. Many of the potential applications have requirements for which plasmonic structures on
rigid planar substrates are not suitable, for example sensing applications where the apparatus has to
adapt to the environment of the subject. One potential solution to overcome this limitation of EBL is
to develop alternative fabrication methods able to fabricate plasmonic features in these varying loca-
tions and environments [56]. Another option is to place plasmonic features on (transparent) flexible
substrates, as is being done for flexible electronics [57]. This enable the plasmonic structures to be
placed in a variety of environments and conform to a wide range of shapes [58] [59]. The substrate
can be engineered to limit its influence on the interaction with the light and plasmonic features, or
it can be designed to play an active role in the interaction with the light (e.g. ohmic dispersion for
spreading of heat dissipation [22] [23]). The substrate can further be used to tune the properties of
the plasmonic features through rolling, stretching, bending, folding etc. [60] [61].
Plasmonic materials
When designing plasmonic applications, losses are always an important element to take into account.
In the visible range, gold and silver have traditionally been the most popular material choices, as their
losses in those wavelength ranges tend to be lower than those of other materials. However, gold and
silver still exhibit significant plasmonic losses, their response is not tunable [62], they are not suit-
able materials for integrated electronics or photonics applications, and are expensive [32] [66]. As a
result, the search for alternative materials has continued, and as research into plasmonic applications
advances, other materials are being considered to suit specific applications [5] [21] [41]. One proposed
idea to overcome the optical losses is to work with dielectric metamaterials. The coupling of light
with the subwavelength structures does not suffer from high losses through heat dissipation, but the
strong light-matter interactions achieved by plasmonic features are not present, which leads to lower
efficiency [63]. The performance of gold as a plasmonic material drops for shorter wavelengths in the
visible spectrum, and for these blue-range colours, aluminium has shown to be a suitable alternative
metal, and has been used in applications for that purpose [36]. Although not as frequently used as
gold and silver, aluminium and copper are also considered to be metals with plasmonic performance
[66]. Having accepted that there is no way to eliminate losses from even the best performing tradi-
tional plasmonic metals, and realising that there is no perfect solution or wonder-material overcoming
all difficulties and showing exceptional plasmonic behaviour without drawbacks, research efforts have
been directed towards finding and developing specific materials and tune their characteristics to sat-
isfy the needs of specific applications. In theory it is possible to engineer materials to be optically
lossless in a specific wavelength range, but this has not yet been experimentally achieved [66]. Gold
and silver, and to an extent aluminium and copper, have acceptable intrinsic properties but the pos-
sibilities to alter these properties is limited, making them unsuitable candidates for this individually
tailored plasmonic material approach.
A lot of research around alternative plasmonic materials has been performed by the research group
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of professor Vladimir Shalaev. In a paper by N. Kinsey, M. Ferrera, V. Shalaev, and A. Boltasseva
from 2014 [66], an overview of potential plasmonic materials is provided singling out two groups
with particularly promising characteristics. A first group are the II-VI semiconductor materials, also
known as Transparent Conducting Oxides (TCOs) (e.g. SnO, InO). They obtain their plasmonic
properties by being able to tolerate high doping levels, which renders their behaviour metallic. Be-
cause the plasmonic properties depend on the nature and level of doping, TCO properties are also
strongly tunable [66]. Another material exhibiting promising tunable properties as a result from
its ability to be doped is graphene, which is considered for plasmonic applications in the mid- and
far-infrared wavelength ranges, both by itself and in combination with other materials (e.g. boron
nitride). A shallow penetration depth, potential effective heat dissipation and loss reduction are other
desirable qualities for plasmonic graphene potential applications [5]. The second group of interesting
materials mentioned by Kinsey are the Transition Metal Nitrides (e.g. WN, TiN, CuN), as they are
chemically stable ceramic materials that can withstand high temperatures, which enables them to
deal with large amounts of heat produced by plasmonic activity. Transition metal nitride properties
can be tuned by changing deposition conditions [66] [64] [65]. Although tungsten nitride is signalled
as a promising material, tungsten itself is suggested to have poor plasmonic performance abilities
based on its real and imaginary permittivity values [64], while tungsten oxide nanorods have been
reported to exhibit tunable localised SPP resonances in the near-infrared [67]. The search for mate-
rials with better plasmonic performance is far from over, and has expanded in many directions as the
requirements for individual applications and the potential of tunable materials become more apparent.
2.3 Plasmonics and Metamaterials: Fabrication Techniques
In order to experimentally study nanoplasmonic effects, there is a requirement to fabricate nanoplas-
monic samples, which in turn presents a necessity to have access to nanoscale fabrication techniques.
The following sections will provide an overview of the development and functioning of the two electron
beam based fabrication techniques which played an essential role in the project. First, the top-down
fabrication technique Electron Beam Lithography (EBL) will be discussed. The first part of the dis-
cussion will focus on the history and development of the technique to emphasise the maturity of the
technology, and the advantages associated with using equipment which exists as a results of decades of
intensive research and development efforts. The placement of the technology in a historical context is
followed by an explanation of the basic operational principles of an electron beam lithography system,
and the presentation of an overview of the state of the art of EBL perfomance. The second part of the
discussion covers a bottom-up fabrication technique making use of a focussed electron beam: Elec-
tron Beam Induced Deposition, which has the ability to deposit material in the proximity of a sample
surface onto that surface through electron beam irradiation. The existence of this phenomenon has
been known for approximately the same amount of time [81], but has not benefitted from the same
amount of investement or research into the technique. As a result, the relatively new availability
of commercial systems employing this as a nanoscale fabrication technique means the technology is
a lot less well understood. Research surrounding electron beam induced deposition focusses a lot
more on the actual fabrication techniques and resulting sample quality, as opposed to electron beam
lithography, where the fabrication methods are better understood and often taken for granted. The
section contains a discussion of the fabrication technique and some EBID-based applications. The
next section gives a short overview of some other existing nanofabrication techniques, to idicate that
there other alternatives to EBL are available.
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2.3.1 Electron Beam Lithography
Electron Beam Lithography (EBL) is a mature technology, which has been widely used in research
and industry for several decades [78]. In order to understand the importance, benefits, and moti-
vations of using a technique as well-developed as EBL, it is essential to know the historical context
which has led to decades of considerable effort being put into developing the technology, and the
technological importance of a race to push the state of the art forward to achieve smaller and more
precise fabrication possibilities.
Electronic technology played a key role in shaping the twentieth century. The speed at which the
expansion and development of electronic technology has progressed and the way electronics has em-
bedded itself into almost all aspects of modern life throughout the century are hard to miss, and
the advancement of the technology was enabled by significant progressive efforts and several key
technological developments taking place in the middle of the twentieth century, when several novel
inventions combined to create the field of integrated circuits.
The first event that helped lead to the development of electron beam lithography is often considered
to be one of the most important inventions of the twentieth century [69]: the invention of the transis-
tor by William Shockley in 1947. Shockley’s transistor allowed fragile and bulky vacuum tubes to be
replaced with a smaller, more efficient equivalent made from semiconductor materials compatible with
other electronic components. Shockley received the Nobel Prize alongside his Bell Labs colleagues
John Bardeen and Walter Brattain in 1956, just 8 years after their initial discovery of the transistor
and the presentation of their understanding of charge behaviour in semiconductor materials, indicat-
ing that the significance of this development [69].
Although the transistor was a significant improvement over the vacuum tube in many ways, electron-
ics as a field still struggled with the tyranny of numbers problem, a phrase first introduced by Vice
President of Bell Labs Jack A. Morton in 1958 [70]. The power and complexity of computing systems
were limited by the amount and size of the available electronic elements. In order to add to the
computing power, the amount of transistors needed to increase drastically, but transistors and other
electronic components at the time were still discrete and separate pieces, which needed to be placed
and soldered onto an electronic circuit manually, limiting the amount the components could be scaled
down and the system scaled up [72]. The invention of the transistor paved the way and provided
motivation for the development of integrated circuits (ICs) which would present the solution to the
scaling problem and overcome the tyranny of numbers [71]. The idea of integrating electronic com-
ponents on semiconductor materials was supported and spread by Geoffrey Drummer, who presented
an idea in 1952 that: “With the advent of the transistor and the work in semiconductors generally,
it seems now possible to envisage electronics equipment in a solid block with no connecting wires.
The block may consist of layers of insulating, conducting, rectifying, and amplifying materials, the
electrical functions being connected directly by cutting out areas of the various layers.” [72]
It is not possible to pin the invention of the integrated circuit to a single person, as the technology
developed gradually. Drummer’s disclosure of the idea of integrated circuits was followed by research
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that lead to discoveries of integrated circuits by Jack Kilby [72] and Robert Noyce [73]. Once the
theory and concepts of integrated circuits were developed, the limiting factor to access the incredible
potential offered by ICs and transistors was the fabrication resolution, which resulted in the research
effort being directed there, motivating the development and improvement of electron beam lithogra-
phy. Another key event accelerating the development of lithography systems took place in 1965, when
Gordon Moore predicted a trend, based on a limited set of data points, that the amount of transistors
per area would double every year [74]. This statement has become widely known as Moore’s law,
and the semiconductor fabrication industry has kept up with the prediction for decades, although the
process has slowed down. Considering the short period and small amount of data points, Moore’s
law is arguably more likely to be Moore’s self-fulfilling prophecy. Moore set a roadmap for the in-
dustry, and the industry has risen up to face the challenge and has committed considerable efforts
to stay in the race. In 1975 fabrication technology enabled a minimum feature size of an integrated
circuit transistor of around 8 µm; by 1982 that minimum size had decreased to around 2 µm [71].
The smallest transistor size set to become commercially available in 2017 is 10 nm [75]. The scaling
down of electronic components has slowed down over the years, as the challenges faced to create the
fabrication technology and methods necessary to fabricate the features become harder. Moore’s law
has already come to an end as transitor size decreases can no longer keep up with the speed dictated
by Moore’s predicition, and the continuing decrease of transistor size will eventually run into physical
limits.
The momentous pressure and efforts invested in scaling down transistors in an integrated circuit
required the continuous development and improvement of fabrication techniques, including the tech-
nique which is the topic of this discussion: electron beam lithography. Electron beam lithography
was initially developed during the 1960s, after the discovery that electron beam irradiation could
cause membranes to form by breaking and forming bonds in and between molecules [76]. Alongside
this discovery, work was being performed to better understand and control the properties of electron
beams (e.g. the determination of charge distribution inside high-current electron beams, by Ashkin
in 1957 [77]). The combination of this work resulted in the first electron beam lithography systems
being developed by converting Scanning Electron Microscope systems to be able to write patterns
instead of being used to detect and form images [78]. After the discovery of PMMA (poly-(methyl-
methacrylate)) as a suitable resist in 1969 [79], a resist still widely used today for patterning using
electron beam irradiation, there was an enormous drive to improve electron beam lithography and
other technologies related to the fabrication of integrated circuits. This drive for improvement has
lasted for decades, propelled forward by Moore’s law and commercial applications for the electronics
industry worth over 300 billion dollars each year [80], sparing neither money nor effort in the race for
the advancement of the electronics, microelectronics, and nanoelectronics fabrication technology.
Electron Beam Lithography System
The electron beam
There are several types of electron beam lithography systems, ranging from state-of-the-art setups for
industrial commercial applications, to more basic configurations for research setups. The first types
of lithography systems were converted/modified Scanning Electron Microscope setups, and this type
of lithography setup is still frequently used today. Purpose-designed-and-built lithography systems
are also available. These tend to have a higher electron beam energy to achieve better resolution and
beam stability. Systems using a modified SEM setup function at lower electron beam energies and
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are a lot cheaper, while still being able to achieve beam diameter sizes under 10 nm [90].
The nature of the electron beam is determined by its source and electron optics, and has a significant
impact on the resolution of the system and the quality of the irradiation pattern. Electron sources
are either thermionic, where energy is applied by adding heat to the system, or they are obtained
by applying a strong electric field, also referred to as field-emission sources. These field-emission
sources can be cold, relying solely on the electric field, or they can be heated, which tends to decrease
resolution but increase beam stability. In both cases the electrons are often emitted from a narrow
conducting point to increase the effects of the heat or electric field application, and facilitate the
emission of electrons. The electron source has size, brightness, and energy spread parameters which
determine the quality of the beam, and are equivalent parameters to the size, intensity and wavelength
range of optical sources. A low energy spread is desirable, as the behaviour of the electrons hitting
the surface is ideally as uniform as possible. Any changes in electron interaction with the material
should be engineered by the system settings rather than left uncontrolled and unavoidable due to a
large range of electrons all being produced by a single source [78] [91].
Most lithography systems use a Gaussian electron beam, but some systems have additional beam-
shaping electron optics built in to be able to engineer the shape of the beam more precisely [122].
These beam-shaping optics tend to make the system significantly more expensive and are only found
in systems at the higher end of the market. Although beam-shaping optics are rare and expensive,
even basic modified SEM systems require some electron optics to control and manipulate the beam
after it exits the source. The movement of electrons can be influenced by electrostatic or magnetic
forces, and these are used to create what is referred to as electron lenses, although the electronic
and/or magnetic configurations are not alike to traditional optical elements [78] [91].
Next to electron lenses a lithography system also has one or more apertures in place. These can be
used to correct for aberrations induced by the electron lenses and clean up the electron beam, they
can be used for blocking or blanking the beam when it is not writing, and the aperture can also set
the range of angles of incidence from which electrons can reach the sample surface [78]. A lithography
system is likely to be configured to be able to switch between a selection of apertures to change the
write settings, and therefore aperture alignment is often a necessary step in the initialisation of an
electron beam lithographic write. Alongside apertures which can be used to improve the quality of
the electron beam, an EBL system also has electron optics present to influence the nature and shape
of the beam by correcting for astigmatism, which is an aberration causing the focal lengths to differ in
the x- and y-direction of a beam travelling along the z-direction. Astigmation alignment helps achieve
a round, focussed beam. The electron beam lithography system discussed and used throughout this
thesis comprises a heated field-emitter source providing a Gaussian Beam.
The irradiation process
Electron beam lithography creates patterns by irradiating a specifically chosen radiation-sensitive
material which reacts with the electrons and undergoes a structural change. These materials are
referred to as resists and can be used to form masks or as the target material for patterning itself
[78]. They can be organic or inorganic, consist of a single type of molecule or a mixture of multiple
molecules, and are characterised by their sensitivity and patterning contrast [92]. Depending on the
specific resist material used, irradiated areas of the material are changed in such a way where they
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can be removed during development of the resist after irradiation, leaving behind the non-irradiated
areas (positive resists), or the opposite can be the case, where the irradiated parts remain and the
unexposed areas are removed during the development step (negative resists) [71].
Electrons in the electron beam hit the resist surface at acceleration voltages around 1 - 30 kV for
modified SEM systems, and between 20 - 100 kV for purpose-built systems [90]. For these high energy
electrons the resists tend to be mostly transparent, and the electrons penetrate into the resist mate-
rial and potentially layers of the materials underneath. These high-energy electrons are sometimes
referred to as primary electrons. They can undergo elastic scattering and change direction within the
material without losing energy. This change in direction causes a significant widening of the electron
beam within the resist, which is why the minimum resolution and feature size within a resist is usually
higher than the achieved beam diameter during the electron beam exposure. This beam widening
can be reduced by using a high acceleration voltage for the electrons, which is one of the reasons
why purpose-built lithography systems have better patterning resolution. If the direction change of
the electron is greater than 90 ◦ compared to the original direction of incidence, the electron has
backscattered. This backscattering can occur both in the resist layer, or in lower layers, meaning an
electron can traverse the resist more than once, which increases the actual irradiation dose compared
to the theoretically intended one and causes even further widening of the electron beam This is some-
times called the proximity effect and can be partially corrected by changing the patterning design
[78] [90] [122].
When an electron non-elastically scatters, it loses some of its energy as well as obtaining a change in
direction, and a secondary lower-energy electron can be created. As the primary electrons lose en-
ergy and create secondary electrons, some electrons can exist within the resist with the right amount
of energy to interact with the resist, breaking and creating bonds between neighbouring molecules.
Crosslinking of neighbouring molecules to form a less easily dissolvable material structure is the main
irradiating action in negative photoresists, and the electrons break up polymers into smaller, dissolv-
able pieces in positive photoresists [78] [90].
The patterning method
The electron beam is directed across the resist to write a pattern. Electron optics are used to deflect
and move the beam across a single write field, the size of which can often be set within the machine.
The size of the write field is the size of the area patterned by the electron beam without moving the
sample stage. The electron beam is moved across the write field by deflecting the electron beam.
For patterns extending beyond the boundaries of a single write field, the stage holding the sample is
moved instead of deflecting the column. The patterning parameters are stored in the GDSII format,
a frequently used file format for resist patterning [145]. It is a format designed to be able to store a
lot of information about the nature of the pattern to be exposed, and the specific parameter settings
it should be written at, or to function with only a basic amount of writing parameters provided, being
flexible to the need of the specific user and patterning system [145]. Pattern parameters are specific
to the materials and samples used and are discussed in more detail in chapter 3.
EBL resolution limits and applications
The resolution limits of EBL have consistently been decreased and can now be pushed below 10 nm
[92] [94] [96]. Although there are other technologies that can achieve higher resolution, delivering
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smaller feature sizes (e.g. AFM), EBL has always been viewed as a top-performing practical fabrica-
tion technique [92] [93]. The actual limit depends on the specific EBL system (modified, purpose-built,
...) and resist being used, and the design of the pattern itself. To push the resolution limits further,
next to improving the system and system settings, over the years researchers have looked into devel-
oping new resists (e.g. HSQ, hydrogen silsesquioxane) and improving development procedures [92]
[95]. For a PMMA resist it has been shown that developing the resist in isopropyl alcohol in an
ultrasonic bath (see chapter 3 for more information) can improve the resolution limit by removing
excess material [94]. Despite its disadvantages, which include cost and planar sample requirements,
EBL is the preferred nanofabrication method for a lot of applications and research groups, including
research into improving transistor designs, nanophotonic structures and bio- and pharmaceutical ap-
plications [92]. The established status of EBL as a reliable and understood technology means that
any other nanofabrication technique will need to offer significant advantages to be considered as a
valid alternative.
2.3.2 Electron Beam Induced Deposition
The possibility of performing Electron Beam Induced Deposition (EBID) was proposed in the late
1950s as a means to measure astigmatism, and discovered in the early 1960s when it was noticed
that thin films could be deposited on sample surfaces as a result of electron bombardment in the
presence of vapour [98] [81]. Although it has been around as long as EBL, EBID did not receive the
same amount of research and development effort and investment, being first seen as contamination
writing, an unwanted side effect. As a result EBID is still in its research stage many decades later.
The technique has progressed, as it has benefitted from several of the developments made in EBL
technology, as EBID can employ a lot of the same electron beam equipment. Just like with regular
EBL, the resolution of the system is increased for higher electron energy and acceleration voltage,
and a small working distance. However, as the system requires room for tools to locally supply the
precursor gas, the working distance cannot be made arbitrarily small [90]. The sample chamber of an
electron beam lithography system can be adapted to include the necessary gas injection equipment
to enable EBID fabrication processes to take place, and machines have been built that combine tra-
ditional EBL techniques alongside EBID and other nanofabrication tools [143]. Although it has not
been as intensive, research into the fabrication, resulting materials, and potential applications has
slowly built up over the years [89] [98].
Electron Beam Induced Deposition (EBID), sometimes referred to as FEBID (Focussed Electron
Beam Induced Deposition) has many benefits as a technology for nanoscale fabrication over regular
Electron Beam Lithography. Where a metallic pattern made via EBL requires a plurality of steps
including the deposition of a metal layer, covering the metal with a resist layer, patterning the re-
sist, developing the resist, and the etching away the exposed metal, EBID is able to direct write the
metallic patterns straight onto a sample surface using a focussed electron beam and a locally supplied
precursor gas [90] [82]. Having the ability to write structures in a point-and-shoot configuration is a
great advantage that enables EBID to easily execute certain patterning tasks which would be very
challenging with traditional EBL. A first example is making metal contacts to previously formed
structures on a sample. Sometimes these structures are patterned in a previous lithography step, in
which case their location could be determined by using alignment markers and having an accurate
map of the previous written pattern. This comes with challenges as the metal and resist layers make
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it hard to locate and use alignment markers covered underneath several other layers, and even if it
is successful the alignment procedure is an extra step making the already long fabrication process
even longer. Although the above alignment procedure for metal contacts could be challenging, the
process of how to achieve it is in theory clear. This is not the case when the metal contacts need to be
made on structures which are not specifically placed on the surface (e.g. nanorods grown on a sam-
ple surface). There are no alignment markers, and no detailed map of the location of the features.
Although it might be possible to place alignment markers on the sample and to create a detailed
feature map, the solution is not obvious or straightforward, and would be challenging and time con-
suming. In contrast, for EBID, the procedure would be as simple as navigating to the place where
the contacts need to be placed, easily found as they are exposed, and starting the patterning process.
The research can then focus on the challenges of improving the metal contact properties itself [84] [83].
Another advantage of EBID is the ability to write greyscale or 3D structures in combination with the
precise alignment possibilities of EBID. In theory, nanoscale features of an arbitrary three-dimensional
shape can be written on an arbitrary substrate. The features can be simple shapes, e.g. SNOM-tip
(Scanning Near-field Optical Microscopy) enhancement [106], nanopillars [105], or nanowires [99].
Alternatively, EBID is also able to fabricate complex shapes with holes, gaps, bridges, and varying
width and height profiles [143] [104].
EBID fabrication process
EBID uses the energy provided by the incident electrons originating from the electron beam to induce
the molecular dissociation of the present gas molecules. The highly focussed electron beam allows the
deposition to occur in a very localised manner, enabling it to write sub 10-nm structures, including
dots with a diameter smaller than 1 nm and lines with a width smaller than 2 nm [88]. In order
to avoid deposition of material outside the irradiated areas the gas is delivered close to the sample
surface in a very localised manner, and the precursor gas molecules released into the chamber are
engineered to be quite volatile, but still contain active groups able to adhere to the surface. When
reacting with the accelerated electrons coming from the beam, the molecules making up the precursor
gas are designed to dissociate into a desired deposition material, the part of the molecule adsorbed
to the sample surface, and a byproduct engineered to be volatile, to facilitate their easy removal
from the vicinity of the sample surface (see figure 2.2). The dissociation of molecules into the target
and byproduct molecules is achieved both by primary and secondary electrons [101] The precursor
molecules are sufficiently volatile to not remain attached to the surface if the above dissociation into
target and byproduct molecules does not occur [89].
The precursor gas used for electron beam induced deposition influences the quality of the material
deposit. To obtain a high purity deposited material it is essential for the process to take place under
high vacuum conditions to avoid the deposition of impurities caused by molecules other than the in-
jected gas molecules present in the chamber. The reaction resulting from the interaction between the
electron beam and the precursor gas should be predictable, consistent, efficient, and create the desired
deposit material which should easily adsorb onto the surface. The two metals on which this project
focusses are gold for EBL and tungsten for EBID, both of which can be deposited using EBID. In their
2009 paper “Creating pure nanostructures from electron-beam-induced deposition using purification
techniques: a technology perspective” Botman et al. provide an overview of the different types of
material and their achieved deposition purity [89]. Their review reports on a 66% purity of tungsten
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Figure 2.2 – During electron beam induced deposition locally supplied precursor gas (red and purple
in image) molecules loosely adhere to the sample surface, and are dissociate by incident electrons into
a target molecule and a volatile byproduct. The volatile byproduct is removed by the vacuum pump of
the system, and the small target molecules are strongly adsorbed onto the sample surface and forms the
desired deposit layer.
and 100% purity of gold obtained using electron beam induced deposition techniques. The quality
of the deposited material is a critical shortcoming of electron beam induced deposition compared to
other, more established metal deposition techniques like chemical vapour deposition, molecular beam
epitaxy, or electron beam evaporation, which are often employed in combination with standard EBL
fabrication procedures. As a result, researchers are working to develop methods for achieving higher
quality EBID-deposited materials [89].
In order to improve the quality of the deposited material it is important to understand how the
different parameters of the EBID write settings influence the deposition. It is equally important to
understand the properties of the deposited material itself, so that its quality can be improved and fur-
ther purified once it has been deposited. Looking at tungsten as a specific example, EBID patterning
parameter settings influence the quality of the resulting deposited tungsten material. A first property
of the deposition process that can help with understanding how to improve the writing parameters
and deposition conditions relates to the dissociation rate of the precursor gas molecules, which is
proportional to the density of the precursor molecules and EBID electrons at the target substrate
surface [90]. The metal content, or purity, of the deposited material increases with increasing beam
current, as the higher electron concentration at the target deposition surface leads to more precursor
molecules to be dissociated into a target deposit and volatile byproduct. The size of the deposited
nanocrystals formed from the target deposit particles increases with the precursor molecule flux and
resulting concentration [89]. For tungsten obtained from W (CO)6 precursor gas it was also shown
that the conductivity, which can be seen as an indicator for the deposited tungsten material quality,
is increased for slower scan speeds, with longer dwell times and loop times [86] [102]. The above
improvements can be explained by the deposition shifting from an electron-limited to a precursor-
limited regime. In the precursor-limited regime, a larger fraction of the molecules dissociate, and the
dissociation into smaller fragments is more complete. As a result, the adsorbed molecules will be
more fully dissociated and have a higher metal content, and less residual precursor molecule groups
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will remain adhered to the surface. Although the above findings are described for tungsten, they are
more generally valid and are true for several other EBID deposit materials [89].
Looking at post-EBID purification techniques of the resulting material, a first well-known method
is annealing: heating up the material can increase the amount of crystallisation of the deposited
material present, and remove impurities from the deposit. However, tungsten in particular is at
risk of oxidation, which would decrease the overall metal purity, so the annealing process should take
place in high-vacuum conditions, with as little oxygen present as possible to avoid tungsten oxidation.
The impurities in the tungsten material deposited through EBID consist of remnants of undissociated
precursor molecules, molecules for which dissociation was incomplete, byproducts which were trapped
on the substrate instead of removed, and residual impurities not removed by the vacuum pump of the
system. The residual impurities tend to mostly comprise water vapour, nitrogen, oxygen, and small
hydrocarbon groups, and can be hard to remove once the material is deposited. It would therefore
be beneficial to find a method to avoid the impurities and unwanted precursor side products being
deposited in the first place. One potential solution is the technique of reactive gas mixing, the idea
of which is to have the impurities interact with a gas added to the chamber, instead of the target
deposit. In the case of gold, which is not oxidisable, adding oxygen improved the deposit material
purity, but with easily oxidisable tungsten, the resulting purity was worse than without reactive gases
present, as the amount of carbon impurities was not significantly reduced, and the amount of oxygen
contamination increased [103]. It should be noted that in section 2.2.4 tungsten oxide is mentioned
as a material which exhibits plasmonic properties, and the oxidation effects mentioned above should
therefore be kept in mind when looking for a method to produce tungsten oxide through W (CO)6
EBID fabrication, as finding good quality precursor gases is not a straightforward task, as those pre-
cursors need to be compatible with the EBID system as well as being capable of depositing a target
material with plasmonic properties. In light of the vast array of parameter settings and molecule
selections and variations that can be performed, simulation methods have been developed in order to
facilitate a method of predicting outcomes and researching having only the guidance of experimental
results [82]. Simulations can also be used to guide determine specific recipe and patterning settings
to achieve desired EBID designs [104].
EBID applications
Van Dorp stated in his 2008 Journal of Applied Physics paper that there are a plethora of results
out there [100], and the technology and research community around it have not yet reached a stage
where a common set of results are accepted as tried and tested, illustrating that the technology
and field are still in their developing phase. However, the significant benefits and unique fabrication
possibilities offered by electron beam induced deposition mean that applications have been achieved
under research conditions for decades. The range of applications explored over the decades is large
and includes the creation of field emitter arrays by Morimoto et al. [107] and several conductive
nanostructure designs by Koops et al. [108], both in 1996, by depositing platinum or gold on a silicon
array using EBID. Graells et al. presented the fabrication of gold plasmonic nanostructures using
EBID in 2007 [109]. In 2015, Sengupta et al. published a paper on the fabrication of superconduct-
ing tungsten nanowires using EBID [110]. Keeping the focus on tungsten, Electron beam induced
deposited tungsten obtained from a tungsten hexacarbonyl precursor (W (CO)6) has been used as a
material to provide interconnects and metal contacts [85] for a variety of structures. As conductivity
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is an important parameter for electrical contacts, there have been several studies on the conductivity
of EBID-tungsten, as mentioned above as part of the discussion around optimising writing parameters
[86] [87] [102] . The possibilities of a maskless nanopatterning technique able to deposit a wide range
of materials with accurate and precise location alignment and the ability to write three-dimensional
patterns has opened the door to a wide range of potential applications hich would not be accessible
using standard EBL fabrication techniques.
2.3.3 Other Fabrication Techniques: a short overview
The above sections provide a detailed discussion of electron beam lithography and electron beam
induced deposition, examples of top-down and bottom-up nanofabrication methods, respectively. Al-
though these are the two techniques used as part of this project and therefore have received most
attention in this review, they are certainly not the only nanofabrication techniques available. Other al-
ternatives include Focussed Ion Beam Lithography (FIBL) and Ion Beam Induced Deposition (IBID),
which are similar to the EBL and EBID techniques but use a focussed ion beam instead of electron
beam. In the following paragraphs a brief overview is provided of some of the other technologies used
for the fabrication of nanoscale patterns [90].
The categorisation of fabrication technologies into either top-down or bottom-up techniques is based
on how the nanoscale patterns are achieved. In top-down fabrication methods, a surplus of material
is deposited, often in a continuous, even layer, after which the pattern is applied to the layer (e.g. via
etching using a lithographically patterned mask). Bottom-up fabrication methods, in comparison,
deposit the material immediately in the desired pattern. This can be achieved by having precise
patterning equipment available (e.g. EBID), to have controlled deposition of materials, or the target
materials can be delivered to a general location, where they are engineered to self-assemble as a result
of the nature of the material and its environment itself [123].
Optical lithography
Optical lithography, also called direct laser writing, is a top-down fabrication technique similar to
EBL, but instead of using an electron beam, the energy to break and create bonds within a resist
is provided by photons in the UV range, with smaller wavelengths providing higher resolution. The
resists in this case are referred to as a photoresists, and some resists can be used for both optical
and electron beam lithography (e.g. SU8 [115]). It is possible to operate the optical lithography
system in a patterning configuration similar to EBL, steering the beam across a sample surface to
irradiate patterns in the photoresist, and potential sources of focussed, collimated light are plentiful
with a wide selection of lasers available spanning across wavelength and energy ranges. However,
as light is limited in the achievable spot-size to half its wavelength according to Abbe’s diffraction
theorem, it is possible to use masks patterned with a chromium coating to block light in some areas
and flood-exposure the entire sample [124] . Masks can be contact masks directly touching the resist
of the sample, they can be placed in the focal plane of a beam, or additional optics can be added to
achieve higher resolution [123]. Optical lithography is a cheaper alternative to EBL, and when using
the flood exposure and mask settings, it is also faster and able to pattern larger areas, especially
when a similar pattern is often repeated.
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Soft Lithography
Soft lithography is a technology that combines top-down patterning of a pre-formed reusable pattern
with bottom-up self-assembly of deposited layers. It uses a reusable master-mould which can be used
to transfer molecules or other materials to a target surface in the desired pattern, where the molecules
self-assemble into a pattern [128]. A popular material to form the mould is PDMS (poly-(dimethyl
siloxane)), the mould itself is often produced using electron beam, ion beam, or optical lithography
[129]. An advantage of soft lithography is that outside of the mould fabrication step, the patterning
can be performed without requiring cleanroom facilities [123] [127] [129].
Scanning Probe Lithography
An example of a direct deposition technique as a potential alternative to EBID, Scanning Probe
Lithography (SPL) is a fabrication technology on the expensive and slow end of the spectrum, but
it is able to deposit materials with atomic precision [131]. It uses existing technologies like Scanning
Near-field Optical Microscopy (SNOM), Scanning Tunneling Microscopy (STM), or Atomic Force
Microscopy (AFM) to transfer a material pattern onto a substrate. A first example is dip-pen tech-
nology, in which a solution of the target material is adsorbed onto an AFM tip and then transferred
onto the substrate by scanning the AFM tip in the desired pattern [132]. Next to depositing material
it is also possible to pattern a layer by removing material by one or multiple passes of the probe over
the surface [133], making scanning probe lithography also suitable for precise pattern etching, instead
of deposition. SPL can also pattern materials by locally chemically altering a material at the surface,
e.g. by local oxidation of a surface [123] [129] [134]. EBID is also able to perform localised etching,
by using a precursor gas producing a molecule on interaction with the electron beam which interacts
with the target sample surface [90].
Self-Assembly of Molecular Structures
A bottom-up fabrication technique, self-assembling molecules are designed and developed to have the
structure they form depend on their molecular properties, and spontaneously assemble as they are
brought in contact on the intended surface. An example is the formation of a self-assembled mono-
layer of MBP0 (4-methylbiphenyl-4-thiol), where the MBP0 molecules automatically order themselves
into a Self-Assembled Monolayer (SAM) on a gold-coated substrate as the sulphur in the thiol-group
weakly bonds to the gold. This layer can then be strengthened by crosslinking it through electron
or photo-illumination to form a membrane, or patterned using electron or photon irradiation [123]
[136], [137].
DNA-Guided Self-Assembly
One of the disadvantages of self-assembled molecular structures is that the pattern-forming infor-
mation needs to be contained within the forming molecules themselves. Unless the desired pattern
material is a particularly complex and chemically engineered molecule, the information that can be
held by the material is limited. A solution to this problem is offered in the form of using DNA (de-
oxyriboNucleic Acid) as complex molecule as a self-assembling carrier for a simpler target material
to bind to. DNA-guided self-assembly materials make use of the concept of DNA origami, a pro-
cess of folding DNA to form arbitrary planar shapes [139], and use the DNA structures as a carrier
to order and form other material structures, including plasmonic nanostructures [123] [138] [140] [141].
Nanoimprint Lithography
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Figure 2.3 – MBP0 molecules automatically orient themselves on a gold surface by loosely binding the
sulphur of the thiol-group to the gold, forming a Self-Assembled Monolayer of ordered molecules on the
sample substrate.
Nanoimprint lithography uses a master cast of the desired pattern to mechanically emboss that pat-
tern into the desired material. The use of a master cast allows large areas to be patterned quickly,
making nanoimprinting a high-throughput, low-cost nanofabrication option [125] [126].
Block Copolymer Nanopatterning
Block copolymer nanopatterning is another technology combining top-down and bottom-up fabrica-
tion techniques. Block copolymers can automatically form thin films with small-scale patterns with a
periodicity as low as 10 nm, when coated over a substrate surface [130]. It is possible to pre-pattern
the target substrate (e.g. using EBL, a top-down fabrication method) to contain markers which can
guide and manipulate the block copolymers to self-assemble into complex nanoscale patterns when
forming a thin film [123] [130].
Edge Lithography
Edge lithography uses edges to obtain nanoscale structures, either by using the edges as a location
ot deposit nanostructures, or to cleave a material and use the properties of the created edge [129] [135].
2.3.4 Fabrication Techniques: Conclusion
Plasmonics research has benefitted greatly from the availability of semiconductor fabrication equip-
ment enabling the provision of nanoscale precision for sample production. The wider research area
of nanophotonics includes integrated optics, a field which is as the name suggests closely related to
its electronic integrated circuit equivalent. It is easy to imagine that the fabrication requirements of
integrated optics samples and designs closely resemble the needs of integrated electronic circuits, and
therefore that the available fabrication techniques could serve the field well. Furthermore, it is plau-
sible to imagine how plasmonics based on thin metal patterned layers could be integrated into planar
integrated optics designs. However, the scope and needs of nanophotonics, and nanoplasmonics in
particular, extends far beyond the planar layered designs of integrated optics applications, and the
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limitations of EBL can become restrictive. Regardless of the advantages offered by the availability
of a mature fabrication technology, EBL was not developed with plasmonics in mind, and the tech-
nique has limitations which places several desired nanoplasmonic design requirements out of its reach.
Electron Beam Induced Deposition is one of the technologies that tries to fill some of the gaps left by
EBL as a nanofabrication tool. Both techniques were used during the project and are discussed in
the following chapter 3 on fabrication. One of the goals of this thesis is to contribute to the discussion
on how and where to find the best solutions for nanoplasmonic fabrication needs. Is it better the
limitations of semiconductor fabrication methods be accepted, and worked around, or is it preferable
for new techniques to be found to overcome the design and fabrication challenges, despite their own
limitations and considerably greater fabrication research requirements? Is EBID ready to be used
for state-of-the-art applications and can samples fabricated using the technology compete with EBL
samples? EBID offers the possibility of easy alignment due to its point-and-shoot configuration, and
can achieve high contrast 3D and greyscale writing, but the writing process is slow. The writing pa-
rameters are not entirely understood, making the optimisation of fabrication challenging [111]. The
purity and conductivity of deposited metal layers is not as high as the metals used in EBL fabrication,
and the order in which patterns are written can influence the resulting pattern, which is an extra
writing parameter to be taken into account [112]. EBID also places a limitation on the sample itself,
as the surface needs to be conductive to avoid charging up of the surface which would interfere with
the electron beam and destroy the writing pattern. It is important to note that the two techniques
at the centre of this thesis, electron beam lithography and electron beam induced deposition, are
not equivalent, nor are they suitable alternatives for each other. EBL is a single step in a multistep
process, providing nanoscale patterning ability. The properties of any samples produced using EBL
can further be engineered by changing the lithographic resists, material deposition techniques, and
etching processes, etc. In contrast, EBID is a point-and-shoot single step deposition and patterning
process, comprising not just an alternative to the EBL step, but including the deposition and etching
steps as well. As a result, an exact comparison between the two techniques is difficult, but there is
merit to examining the properties of the two techniques, as both contain a step in their respective
fabrication processes resulting in the achievement of nanoscale patterns. Both EBL and EBID have
their own suitable applications, and it is unlikely at the moment that EBID would be seen a a suitable
alternative for EBL in any technology where EBL limitations do not provide an obstacle. Instead,
EBID can prove its use in those areas where EBL limitations prove insurmountable or severely lim-
iting, and EBID can exhibit the potential of its fabrication properties.
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Chapter 3
Fabrication
This chapter will provide detailed descriptions of the fabrication methods and techniques used in the
different fabrication sections of the project: Electron Beam Lithography (EBL) and Electron Beam
Induced Deposition (EBID). The first part of the chapter will discuss the fabrication techniques used
to make gold nanoplasmonic structures through EBL. As this method is more conventional and estab-
lished in the group, the focus of the project did not lie in the development of recipes, but the specific
application of these fabrication methods to the production of chirped gratings and other designs.
The section will start with a general description of the fabrication procedure, followed by a detailed
analysis of the design and fabrication of chirped gratings.
In contrast with the many-step, well-established Electron Beam Lithography method, the second part
of this chapter will discuss Electron Beam Induced Deposition, a single-step point-and-shoot method
to write nanoscale metal structures directly onto a substrate. The technology was newly available to
the Synthetic Optics group, and as a result the project focussed on the development of the fabrication
procedure and recipes, and the exploration of novel opportunities EBID offers.
This chapter on fabrication will conclude with a comparison of the EBL and EBID techniques as
methods to achieve nanoscale structures, offering an overview of their benefits and drawbacks, and
suitability in different situations.
The processes described below detail a procedure to fabricate nanoscale metallic features on flexible
membranes, the flexible membranes being held on a rigid substrate throughout the fabrication process
to ease handling and be compatible with the fabrication equipment. Although it is not discussed in
this thesis, the eventual goal is to lift the metallic nanostructures on the flexible membrane off the
rigid substrate, and to utilise the beneficial characteristics of the resulting (flexible) photonic mem-
branes, specifically their conformability to a range of shapes and environments, and their tunability
through manipulating the shape of the membrane (stretching, folding, bending, rolling, etc.).
35
3.1 Electron Beam Lithography-based Fabrication of Gold
Plasmonic Nanostructures
The process of fabricating gold nanoplasmonic structures using electron beam lithography uses a com-
bination of standard methods and materials. Gold has traditionally been a preferred choice for many
plasmonic applications despite its higher plasmonic losses than silver, due to its comparatively low
reactivity and ideal plasma frequency [21]. Electron beam lithography is a well-established method of
patterning materials on the nanoscale. The gold structures are created using a multi-step etch-back
method, by depositing even layers and etching away exposed, unrequired material. A brief outline of
the fabrication process is provided below, followed by a detailed description of the different steps and
their significance.
3.1.1 A Brief Overview of the EBL Fabrication Method
Figure 3.1 – Photograph of the Raith e-Line Plus Nanofabrication tool setup in the cleanroom, com-
prising the computer units, monitors and operating controls, the electron column, and sample chamber
with load lock. The equipment is used for both standard electron beam litography and electron)beam
induced deposition, the 2 main fabrication methods discussed in this thesis.
The nanoplasmonic samples obtained for this project through electron beam lithography were pro-
duced on silicon or glass substrates that act as carriers for the polymer membranes. The samples
were flat and tended to have dimensions between 0.5 and 2.5 cm. First, the substrates were cleaned
in acetone and isopropyl-alcohol (IPA) in an ultrasonic bath. A sacrificial lift-off layer of Omnicoat
[114] was spincoated on top of the cleaned substrate, followed by a layer of SU8 polymer [97] [115]
[116], which forms the flexible polymer membrane to carry the nanoplasmonic structures.
Once the membrane fabrication had been completed, an even layer of gold was deposited onto the
membrane, using electron beam evaporation. In order to be able to pattern the gold, a photoresist
mask (SU8, [115]) was spincoated on top of the gold, and this photoresist was subsequently patterned
using electron beam lithography (EBL), see figure 3.1, and developed to remove the unexposed SU8
material. The remaining SU8 patterns acted as a mask, and creating patterns in the gold by shielding
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part of the gold layer, while the exposed gold was etched away using a reactive ion etcher (RIE).
The resulting product was a nanoscale gold pattern on top of a polymer membrane, carried by a
rigid, flat substrate. By dissolving the Omnicoat [114] layer, the flexible SU8 [115] membrane with
gold patterns could be lifted off its rigid carrier substrate.
Figure 3.2 – Overview of the main step of a standard top-down etch-back plasmonic fabrication process,
using electron beam lithography.
3.1.2 Choice of Substrate and Cleaning Procedures
Electron beam lithography relies on precise focussing on the sample surface. It is therefore neces-
sary to start with an even, flat, and clean substrate, as any imperfections and impurities will have
a knock-on effect on the subsequently added layers. The necessity for this clean sample, and the
relative size of dust particles, dirt, and impurities compared to the nanoplasmonic features, means
a clean environment is necessary, and because of this the entire fabrication process takes place in a
cleanroom, a low-dust environment with pressure, temperature, and humidity control.
In order to facilitate sample manipulation throughout fabrication and characterisation, having a rigid
and sturdy substrate helps to protect and preserve the fabricated samples. The rigid substrate is also
essential during several of the fabrication steps described below. The nanoscale features themselves
are patterned on top of a flexible photonic membrane which can be removed from the rigid substrate.
The flexible membrane carrying the metallic features can be used to transfer the nanoplasmonic
functionality to a wide range of materials and shapes by conforming to the dimensions of the target
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object. The flexible carriers can themselves also be patterned to form micro-sized carriers, as shown
in figure 3.10, which can suspend the plasmonic structures they carry in liquid, and position them
precisely e.g. with the help of optical tweezers.
Depending on the need of the application of the sample, the substrate might have different require-
ments regarding conductivity, transparency, reflectivity, thickness, size, etc. Throughout the project,
the main substrates used were (100) silicon (Si), which facilitates straight cleaving to obtain clean
sample edges, by cleaving along the (100) lattice direction indicated on the wafer, silicon-dioxide-
coated silicon (also referred to as silica- or SiO2-coated silicon) to have an non-conductive substrate
while retaining some of the cleaving and reflectivity characteristics of the silicon substrate, and glass
(Agar coverslips, No 0 and No 2 [113]), which allow for uniformity in sample sizes, high optical trans-
mission, and a thin substrate (No 0, 0.08-0.10 mm; No 2, 0.19-0.23 mm).
The abovementioned substrates were all cleaned using the same procedure. First, the sample is sub-
merged in a beaker filled with acetone, and placed in an ultrasonic bath (see figure 3.3 (c)) for 3
to 5 minutes. The sample is then moved into a different beaker filled with IPA, and placed into an
ultrasonic bath for another 3 to 5 minutes. Acetone removes organic impurities and IPA removes the
remaining acetone from the surface and further removes impurities from the surface. The sample is
subsequently removed from the IPA and dried using a nitrogen (N2)-gun, to minimise the residue of
impurities on the surface.
Figure 3.3 – (a) and (b) show contain images of a spincoater used to cover samples in a thin, even layer
of photoresist (e.g. SU8) or sacrificial layer (e.g. Omnicoat); (c) shows an image of the ultrasonic bath
used during the cleaning procedure of the membrane.
3.1.3 Fabricating the Sacrificial Layer and Polymer Membrane
As mentioned above, the flat substrate is meant as a carrier for the flexible polymer membrane sup-
porting the plasmonic features during fabrication, as well as during parts of characterisation and
testing of the sample. The clean surface of the substrate has been prepared to receive the layers
which will form the sample membrane. In order to access the properties of the membrane without
interference or hindrance from the carrier substrate (e.g. its flexibility, transparency, etc.) it is nec-
essary to incorporate a method to remove the membrane from the substrate. For this, a sacrificial
layer, also referred to as a lift-off layer, is added between the substrate and the polymer membrane.
The material used for this sacrificial layer is Omnicoat [114]. It has the desired properties of not
reacting to any of the chemical treatments or other production steps performed on the sample, so it
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stays intact throughout the fabrication and use of the sample, and can be removed using chemicals
(e.g. n-methylpyrrolidone [118], MF-319 Developer [119]) which do not destroy the finished sample.
In order to fabricate the sacrificial layer, the substrate is placed in the centre of a spincoater on an
appropriately sized chuck, and held in place using vacuum grip. Using a pipette a thin, even layer of
Omnicoat is applied to the surface of the substrate. The Omnicoat is then spincoated on the surface
at 1000rpm for 1 minute, after which it is baked for 1 minute at 230◦C. Once the Omnicoat has
cooled down to room temperature, it is ready to receive the next layer.
The material used to form the polymer membrane is SU8 2000.5, an epoxy material that functions as
a negative photoresist and can be crosslinked using UV, electron beam or X-ray radiation [115]. The
Omnicoat covered substrate is placed back on the spincoater chuck with vacuum grip, and covered
in a thin, even layer of SU8, using a pipette. Depending on the desired thickness the SU8 is spin-
coated using different spin-speeds. As the SU8 membrane only acts as a carrier for the nanoplasmonic
structures, precise control of the thickness of the membrane is not critical. However, a membrane
which is sufficiently thin to maximise its flexibility and minimize its influence on the environment of
the nanoplasmonic structures it carries, yet also strong enough to withstand careful handling during
measurements and tests, is desirable. To obtain this it was found that a membrane resulting from
spincoating SU8 2000.5 at 5000rpm for 1 minute and soft-baking for 2 minutes at 100◦C gave a sat-
isfactory result, with a thickness around 500 nm.
After soft-baking the SU8, which is a negative photoresist, it needs to be irradiated in order to form
a strong, crosslinked membrane. For this fabrication step, a UV mask aligner provides the ability
to provide sufficient radiation to crosslink the entire surface of the sample in an even manner in a
short amount of time. The sample is placed under the UV lamp and flood-exposed for 2 minutes, and
subsequently post-exposure baked for 1 minute at 90◦ C and 4 minutes at 100◦C. The small ramp-up
in temperature helps to avoid the formation of bubbles in the membrane.
The quality of the membrane can be roughly assessed visually, as any sizeable dirt particles present
would leave visible traces on the membrane during spincoating and baking. Unevenness in the mem-
brane thickness or height can be seen as thin film interference rings, patterns, or other lack of uni-
formity in the colour of the membrane. If the quality of the SU8 membrane is not acceptable for the
desired application, it is possible to remove it by submerging it in EC (ethyl lactate) for a minute in
an ultrasonic bath. However, this must happen before the UV exposure step, as a crosslinked SU8
membrane is very difficult to remove with conventional chemical methods [115].
Having completed the formation of the basic membrane, the next step involves applying a layer of
metal to be used as the source material for nanoplasmonic structures.
3.1.4 Metal Evaporation to achieve Gold Deposition
As discussed above, the gold nanostructures will be produced using an etch-back method, therefore
the next step in the process is to fabricate an even layer of gold to use as a base for etching. In order to
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obtain sub-nanometre precision in the control of the thickness of the layer, a technique called electron
beam evaporation is used. The equipment used (see figure 3.4) is able to deposit material with nm
precision. The thickness is measured by a quartz crystal microresonator, which can determine the
deposited layer thickness on the crystal by measuring the resonance frequency of the quartz crystal,
which changes as more material is deposited.
Figure 3.4 – The electron beam evaporator. The image on the left shows the external view of the
sample chamber and the operating panel of the evaporator. The righthand image shows the inside of the
sample chamber, indicating the location of the sample holder (suspended upside down) and the metal
crucible containing the source material for the evaporation process.
The quality of the deposited material depends on the quality of the substrate surface, the purity of
the source material, the deposition rate, the pressure in the chamber, etc. A paper by K. McPeak et
al. [120] discusses ways to improve deposition of different types of metals and discusses the influence
of different environmental parameters on different materials. Although the article discusses thermal
evaporation settings, the general findings are applicable to electron beam evaporation as well. It
states that when deciding on a deposition speed, a optimal balance must be reached between the
detrimental effects caused by residual gases and impurities remaining in the chamber, and diffusion
rate of the newly deposited atoms. At lower deposition speeds, the amount of impurities being ad-
sorbed onto the sample surface during deposition is higher, decreasing the grain size and quality of the
deposited metal. At higher deposition speeds, the metal atoms have less time to diffuse through the
metal before being hit with other atoms, reducing the grain size of the resulting deposited material.
As gold is a noble metal it is quite unreactive, meaning that the deposition speed can be kept low
without much detriment to the overal quality of the deposited layer. An additional benefit of this low
deposition speed is that less material is lost during ramp-up of the evaporator, which is an important
factor to consider when working with an expensive source material like gold [120].
Gold deposits well on an SU8 membrane, so the samples produced as previously described can be
loaded without need for further treatment. The samples are secured to a sample holder and hung
upside down into the evaporation chamber (see figure 3.5). Below the sample holder a crucible filled
with gold granules will act as a source material for the evaporation process (see figure 3.4). The
chamber door is closed and the room is pumped down to a vacuum around the order of 10−6 mbar.
This pumping down process takes a minimum of 6 hours but is ideally done overnight (12 - 14 hours)
to achieve a lower vacuum, which leads to better deposition quality.
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Figure 3.5 – Samples on the electron beam evaporator sample holder after deposition of 40 nm Au, on
SU8 on glass samples. As the samples are suspended upside down in the chamber, they are held in place
using blue adhesive tape.
Once the chamber has reached the desired vacuum pressure, the electron beam evaporator can be
turned on. An electron beam evaporator works by evaporating the source material using an elec-
tron gun. An electric field is used to create an electron beam which hits the crucible and heats up
the material, in this case gold. The evaporation and resulting deposition rate can be controlled by
adjusting the strength of the electron beam through its current. In order to obtain a high-quality
deposited layer, uniform across all the samples, several steps can be taken to improve the evaporation
process. The sample holder is rotated to assist making the deposition as even as possible across the
sample(s). Before starting deposition, the chamber and current need to be gradually ramped up to
their final value, as sudden current increases or heating of the metal can cause sparks which can
disturb the low vacuum in the chamber. Because of this, the electron beam is established slowly
to avoid fast changes in the chamber could cause disturbances and influence the quality of the de-
position, or cause damage to the chamber or source material. The system needs time to condition
the source material and to allow the deposition rate to stabilise, as this can fluctuate during the
ramp-up, even when the current is stable. During this ramp-up process a cover blocks the path from
the crucible to the samples to shield them against any unwanted and uncontrolled material deposition.
Once the current has been set to achieve the desired deposition rate, which is usually around 0.04 nms
to 0.1 nms the cover can be removed to unblock the path from the crucible to the samples. A quartz
crystal inside the evaporator chamber allows the deposition rate to be measured with nanometre
accuracy. Depending on the specific application for gold-on-SU8 samples, a layer between 40 nm
and 100 nm thick was deposited. The pressure was kept below 2 10−5 mbar during the evaporation
process. Once deposition is complete, and the sample is removed from the chamber, the metal is
ready to be coated in a photoresist mask.
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3.1.5 Electron Beam Lithography Patterning Procedure
Electron beam lithography is a fabrication procedure which has been established and developed over
several decades [121]. The technique uses an electron beam focussed on the surface of a material
which reacts to the incident electrons, often a photoresist, to write patterns and create a mask with
the desired nanostructures. The patterns are written by deflecting the electron beam and by moving
the sample relative to the beam. While all steps in the process influence the quality of the finished
sample, which in turn has an effect on the overall performance of the sample, it is the electron beam
exposure step which determines the resolution and quality of the pattern itself. The quality of the
exposure depends on the technical performance and capability of the equipment, and the parameters
set by the user.
Photoresist mask
In order to pattern the deposited gold layer, it needs to be covered in a photoresist, or photomask,
which will be lithographically patterned and developed, after which un-crosslinked parts of the mask
will be removed to remove parts of the gold surface.
In the majority of the samples produced during the process, SU8 [115], which forms the polymer
membrane carrying the gold layer, is also used as the lithographic photoresist mask. As a negative
photoresist it is ideally suited to form high contrast, nanoscale structures. SU8 is referred to as a neg-
ative photoresist because the electron beam irradiated SU8 crosslinks and remains on the substrate
as a membrane after development. Alternatively, positive photoresists may be used (e.g. PMMA),
in which case a solid membrane is formed, and parts exposed to the electrons are removed during
development. This type of photoresist is ideal to use for patterns which require small-scale gaps,
holes, lines, etc. in a mostly solid layer.
Figure 3.6 – A negative photoresist keeps the irradiated material after development. This pattern can
then be used as an etching mask, removing the exposed material.
During the electron beam exposure of a negative photoresist, high energy electrons are accelerated
towards the sample by the Extremely High Tension (EHT), a high voltage value up to 30kV for the
Raith e-Line lithograph. The Gaussian beam of accelerated electrons is formed in the electron gun
column of the lithograph, and when the high energy electrons hit the sample, most of them penetrate
through the sample without coming to a halt. Some scatter off particles inside the photoresist and
create secondary, lower-energy electrons as they do so. It is these secondary, scattered electrons which
are able to break bonds in the SU8, exciting an atom within the molecule, making it susceptible to
bond to neighbouring atoms, both within and outside the same molecule. As the energy dissipates,
the molecule returns to its ground state by reforming a bond, some returning to the original sin-
gle molecule configuration, but others bonding with atoms of neighbouring molecules instead. The
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repeated occurrence of this process causes the molecules within the exposed areas to link together
and form a crosslinked layer, which after development, as outlined in section 3.1.5 above, form a
hard-to-remove polymer material, functioning as mask pattern [122].
Electron Beam Lithograph
The above paragraphs describe how a precise and accurate pattern is created by writing patterns into
photosensitive materials using electron beams. The true power of this technique lies in the precision
and accuracy which can be achieved when writing structures on a nanoscale, and the technological
expertise present to produce a machine capable of performing these actions: an electron beam litho-
graph. It requires the creation of a stable, precisely focussed electron beam, and sub-micrometer
control of the movement of the sample stage to distribute and position the written patterns across
the sample surface.
The electron beam lithography system equipment was replaced during the project. The old equipment
was a modified SEM (Leo Gemini 1530) combined with a RAITH ELPHY Plus pattern generator.
The new system, used for the majority for the samples presented in this thesis is the RAITH E-Line
Plus Nanofabrication tool (see figure 3.1) [143], a modified SEM (scanning electron microscope) with
additional Nanomanipulator features and Gas Injection System, discussed in more detail in section
3.2. Instead of scanning a Gaussian electron beam across an area to form an image, a modified SEM
lithography system is operated through a pattern generator to produce an irradiation pattern on the
sample surface [122].
In order to write precise features, very fine and accurate alignment is required, for the beam to be
correctly focussed on the sample surface, and the features to be written properly aligned with each
other. The setup requires both the SEM alignment settings and pattern generator parameters to be
set to operate the lithograph. Samples are loaded into the chamber via a loadlock, to avoid exposing
the sample chamber to room pressure conditions. Once the sample is loaded the SEM can be aligned,
setting the vertical position of the stage and related working distance, the aperture of the column,
and EHT voltage. The system also needs to have its current calibrated to the sample conditions,
and the system is focussed and adjusted for aperture and stigmation alignment by writing spots at
magnification values of 40 000 and more, creating sharp, round irradiated patterns.
Once the SEM is sufficiently aligned, any settings related to the exposure and patterning process can
be set. To pattern a sample, the electron beam is deflected by electron optics to navigate across a
write field and form the intended features. The size of the write field is set by the user and linked
to the magnification and resolution at which the pattern is written. Between write fields, the sample
stage is moved, which can lead to stitching errors (see figure 3.7). A write field alignment procedure
is performed before each exposure. Apart from needing high quality beam and sample alignment so
the electron beam can function accurately and precisely, the parameters linked to the beam and its
movement guided by the pattern generator need to be determined as well. The patterning parameters
are a set of interrelated values which determine how the machine writes features during the exposure.
They influence the speed, dose, and quality of the written features. They include the dwell and
settling time, different dose values, step size, etc. need to be set as well. A more detailed description
of parameter settings is provided in section 3.2
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Figure 3.7 – Illustration of alignment errors which can occur when patterns are distributed across
multiple write fields (left image), compared to a linear grating with good exposure and alignment settings.
Mask Development
Once the patterning is complete, the mask is removed from the electron beam and, if the used mate-
rial is SU8, the development includes post-exposure baking at 100◦C for 2 minutes. This solidifies the
crosslinking of the exposed areas. The sample is then submerged in EC (ethyl lactate), a developer
which does not affect any of the other layers of the sample. The EC removes any SU8 which has not
been crosslinked. As the gold layer is fragile, no ultrasonic bath is used, but gentle stirring or swirling
of the sample inside the EC beaker can help advance the removal of the SU8. The sample is initially
submerged for 45 seconds, removed from the EC, washed in IPA, which removes any EC remnants,
and dried with a nitrogen gun. The sample is then inspected under an optical microscope to assess
if all unexposed SU8 has been removed. If this is not the case, the sample is placed back in the EC
for another 10-15 seconds, and the process is repeated until the result is satisfactory. If mistakes are
made when setting the patterning parameters of the lithographic writing step, overexposure causes
additional areas of the resist to be unintentionally crosslinked, as can be seen in the lefthand and
middle SEM images of figure 3.7.
This is the first time it is possible to observe the irradiated structures, as the crosslinked SU8 features
on top of the gold layer are clearly visible under the optical microscope. Some issues or errors can be
noticed at this point, e.g. relating to the SU8 development, dosage, or alignment, but for a detailed
examination of the written structures, analysis under the Scanning Electron Microscope (SEM) is
necessary.
3.1.6 Reactive Ion Etching
After the electron beam irradiated pattern in the photoresists mask has been developed, the sample
is ready for the final step in the fabrication process: etching away the exposed gold. Reactive ion
etching is a dry and directional etch, ideal for removing the exposed gold while leaving the masked
portions of the gold untouched.
For the removal of exposed gold, an argon plasma is used, as it has a lot of desirable properties for
the task at hand: argon is a noble gas, and relatively cheap, it will not react with the gold or any
44
other part of the sample, and performs a purely physical and very directional etch.
RIE
A custom-built Reactive Ion Etcher (RIE) was used to perform the etch (shown in figure 3.8). When
the machine is not in use, the reaction chamber is held under high vacuum to keep it as clean as
possible. A butterfly valve is used to separate the sample chamber from the turbo vacuum pump,
which is turned on continuously to reduce the wear on the pump and save time loading and unloading
the chamber.
Figure 3.8 – Image of the Reactive Ion Etcher (RIE) in the cleanroom. The sample chamber is the
vertical cylindrical chamber on the lefthand side of the equipment. The horizontal cylinder on the right
is the turbo vacuum pump, separated from the sample chamber by a butterfly valve (the rectangular
dividing panel between the two cylindrical structures). The butterfly valve is operated by the laptop on
the right. The equipment on top of the setup is used to operate the gas flow, monitor the turbo vacuum
load, and control the voltage settings to generate the plasma for the etch.
Once the sample has been placed into the chamber, and the chamber has been brought down to
a satisfactory low base pressure (around 3 e−6 Pa = 3 e−8 mbar) by a roughing vacuum pump, a
500 (50 %) argon gas flow is set using a flow regulator, and the butterfly valve is partially lowered
to allow the argon to bring the reaction chamber to a constant pressure of 5 e−2 Pa (5 e−4 mbar).
The argon gas is ionised using an Radio Frequency (RF) source, adjusting the setpoint power to
achieve a -333V DC bias (usually this is achieved for a power of 19 W), to create an argon plasma.
The electrons dislocated from the argon atoms by the RF field accelerate following the force of the
field, as an electrically insulated plate carrying the sample collects many of the accelerated electrons,
building up a highly negative charge. This charge creates a DC voltage bias, which accelerates the
positively charged argon atoms towards the plate and the sample it carries. The value of the DC bias
determines the acceleration and impact strength of the ions, and is regulated by the parameters in
the chamber (pressure, gas flow, RF power, and frequency). During the etch, the heavy atoms hit the
sample, and physically sputter the surface, removing the gold. As argon is a noble gas, the plasma
does not chemically react with the sample, and the resulting etch is purely physical and anisotropic,
referred to as ion milling, which etches vertically down.
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The etch time and RIE settings varied slightly throughout use, as several parts were replaced during
the process and wear on system components caused the parameters to shift with time. To etch 40
nm of gold with the above parameters, an initial etch time of 11 minutes was set. If after visual
inspection of the sample gold residue was found on the exposed surfaces, the sample was be placed
back in the RIE for an additional etch, in 30 seconds to 1 minute increments. The process of load-
ing, pumping down, and unloading the RIE makes these incremental etch steps time consuming, but
the risk of overetching and consequentially removing the masked features along with the exposed ar-
eas, would destroy the sample, and would be a great loss at such a late step in the fabrication process.
Once the excess gold has been removed from the sample, the fabrication of a single layer of gold
structures on a polymer membrane is complete. If only a single layer of structures in needed, the
sample is ready for characterisation, measurement, and testing as described in chapter 4. Optional
further fabrication steps are discussed below.
3.1.7 Lift-off
In order to access the flexible properties of the membrane, and to remove the influence of the rigid
substrate carrier, the sample can be lifted off by removing the sacrificial Omnicoat [114] layer added
during one of the first steps of the fabrication process. If a crystalline substrate was used, the edges
of the sample should be cleaved in order to create clean access to the Omnicoat layer for the solvent,
as the edges of the sample could have been covered in SU8 [115] or gold during subsequent deposi-
tion steps, blocking the etchant from accessing the Omnicoat layer. To remove the Omnicoat, NMP
(N-methyl-2-pyrrolidone) is used [118], a solvent able to remove the Omnicoat layer while keeping
the gold and crosslinked SU8 structures intact. MF-319 [119] can be used as an alternative solvent
to NMP. Figure 3.9 contains images of a gold-covered PMMA membrane formed on a glass substrate
during and after liftoff to illustrate the process.
Figure 3.9 – Images of a gold-covered PMMA membrane fabricated on a glass substrate during (a) and
after (b) liftoff.
3.1.8 Multilayer Samples
In some cases, all of the required features cannot be fabricated in a single run of the lithographic
procedure. It is possible features need to be made from different materials (e.g. see the gold on SU8
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ribbons in figure 3.10), require different material thicknesses (e.g. 40nm and 100 nm gold), different
mask coverage (e.g. positive photoresist in case large areas need to be unexposed), or need a spacer
layer between them (e.g. chirped gratings). In these cases, the lithographic and etching steps of
the above process need to be repeated several times. The nano ribbons of figure 3.10 are designs
of ribbons to be trapped horizontally by optical tweezers against their natural alignment direction,
using gold discs as plasmonic trapping handles.
Figure 3.10 – SEM images of gold handles on SU8 membrane ribbons. The SU8 ribbons and gold
handles are produced in separate lithography steps, and require precise alignment. The ribbons can be
used lifted off and suspended in solution, where the gold handles can be used as optical trapping handles.
Spacer Layer
In some cases a spacer layer might be required between the different patterned layers, to create a
physical separation. One potential application for a spacer layer is to act as a physical separation
between two perpendicular EBL gratings, to allow the light to be diffracted by the first grating before
reacting with the second grating. A spacer layer has the added benefit of evening out any bumps
created by the pattern of the first layer, allowing the subsequent metal layer and photomask to be
deposited on a even and flat surface, which should increase the quality of the resulting irradiated pat-
tern. Often thicker SU8 is used as a second layer, the thickness of which can be controlled by mixing
the correct fractions of SU8 2000.5 [115] and SU8 2050 [117] to thicken the layer, and cyclopentanone
to make it thinner. The spacer layer will also have to be flood exposed to UV in order to crosslink it.
Multiple Metal Depositions
The second or later metal layer deposition requires a repeat of the gold layer deposition step (see
section 3.1.4), although different materials and/or thicknesses can be used as well. In order to litho-
graphically pattern the new metal layer, another photomask is spincoated on top of the metal, to
pattern, mask, and etch.
Alignment Difficulties due to Metal and Spacer Layers
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In order to enable precise alignment of the new lithographic patterns on the structures in the layer
or layers below, alignment markers can be added to the electron beam lithographic pattern written
in the previous layers alongside the desired structures, their precise position relative to the features
known. When the sample with second or later photoresist layer is loaded into the e-beam an extra
alignment step needs to be performed in order to map the new features around the old ones. Usually
a three-point-alignment method is used, where three non-collinear points of the 2 layers are mapped
precisely on top of each other, resulting in the layers being aligned in x and y. Difficulties can occur
during this step as the alignment markers are written in the same, often thin, first photoresist mask
layer, and are covered and hidden under layers of metal and SU8, which can make finding them a
challenging or even impossible task.
3.1.9 Conclusion on EBL Benefits and Drawbacks
The above sections describe the standard fabrication steps to obtain a nanoplasmonic sample through
electron beam lithography. The process follows a series of well-understood steps, part of a technology
that has been used and improved in industry for decades [121]. This means that a successful sample
can deliver high-precision nanoplasmonic structures fabricated from high-quality materials. However,
the process described above is time consuming, a single sample can take several weeks to produce,
when taking into account equipment availability. Each individual step also has the potential to fail or
deteriorate the quality of the sample due to errors, either human, equipment, or environment based,
which lowers the sample yield and increases the effective sample production time.
In an ideal time-effective scenario a sample could be produced in 3 days: an afternoon to prepare the
substrate and membrane, a metal evaporation with the chamber vacuum pumping down overnight
and morning metal evaporation, the afternoon to deposit the photoresist, followed by an evening
EBL setup and overnight electron beam write, developing the sample in the morning followed by a
reactive ion etch. During these 3 days the fabrication is work-intensive, requiring constant attention
and active input during every step of the process, as loading, pumping down, and write periods are
scheduled overnight. If the availability of equipment and unpredictable setbacks are added in (e.g.
sudden cleanroom closure, bad spincoating, RIE down for service etc.), the delay in a single step
has effects on the entire fabrication pipeline, as there is no point loading a sample into the e-beam
lithography system if the sample does not have a photoresist coating, because the cleanroom was
down that afternoon. This can cause the fabrication of a single sample to take several weeks.
Electron beam lithography also has limitations in its abilities. It is not a great tool for greyscale or
3D writing as it works with planar samples and single layers at a time, and precise alignment between
separate lithographic patterning steps can be a challenge. There is no opportunity to test doses and
parameter settings on the same sample, so separate samples are required to test recipes, and small
differences between individual samples or writing conditions cannot be taken into account, which can
cause writes to fail.
To summarise, electron beam lithography is a very powerful, well-established, but time consuming
fabrication technique, delivering samples with high quality materials able to form high precision
nanoscale structures. Using a sacrificial layer it is possible to release flexible polymer membranes
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from their rigid carrier substrates needed to be used with semiconductor techniques designed for flat,
solid samples. Fabrication throughout this project has been focussed on gold metallic structures,
but the same method, when using different evaporator materials and etch settings, can be used to
fabricate a whole range of different materials.
3.2 Example Application: Chirped Gratings
The EBL fabrication method described in section 3.1 was used to fabricate a range of different sample
designs and tests throughout the project, including membranes suspended on top of pillars, metal
contact masks, linear gratings, and chirped gratings. The following sections will go into more detail
on chirped gratings as an application and as a specific example of using electron beam lithography
for fabricating samples: chirped diffraction gratings.
3.2.1 Chirped Gratings for Generating a 2D Light Array
In order to take and recreate a 2D image of a subject there is a need to collect visual information and
to link this collected visual information to a 2D coordinate. If an image of a moving subject is required
the information of each 2D coordinate pixel of the complete image also needs to be linked temporally.
For moving subjects the processing of such an image needs to happen sufficiently fast so that it can
be repeated to obtain enough consecutive images to create a moving picture. The use of cameras
is commonplace in a wide range of applications and they are present in many different shapes and
sizes throughout many aspects of our everyday lives, providing different types of images depending
on their intended use, and with those different uses come different requirements regarding many
properties of cameras. One area of applications which requires a range of cameras with particular
sets of characteristics is the medical sector, and the example discussed in this section aims to provide
for the requirements of a particular type of camera used in medicine: the endoscope. Endoscopes are
cameras used to look inside the human body, and therefore require the ability to be navigated inside
the human body while causing minimal disruption, i.e. they should be small and flexible [17].
Based on these required characteristics, and ideal candidate for use in endoscopy-equipment might be
optical fibres, which are thin, flexible, and an excellent carrier of light along a narrow path. However,
optical fibres are not without their drawbacks. There are many types of fibres available, depending
on the light carrier needs, but in general they are often divided into 2 categories: single mode fibres
(SMF) and multimode fibres (MMF). Single Mode Fibres are notoriously difficult to guide light into,
because of their narrow angle of light acceptance, making them bad at collecting optical information
from a wider field of view. When used in endoscopes they would have low light capture efficiency
and a narrow field of view. Multimode fibres are better at capturing light more efficiently and from
a wider viewing angle, but as the light travels through the fiber, modal dispersion causes the infor-
mation to spread over time, with wider angles of acceptance leading to more dispersion. Any spatial
information will get lost when travelling through the fibre, as direction of incident light cannot be
encoded during propagation through the fibre [18].
Potential solutions to the problems presented above could be to use a bunch of separate single mode
fibres, to add in optical elements to increase the field of view and coupling of light into the fibre, or
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to add active elements to the capturing end of the fibre to scan a wider surface and retain spatial
information. All of these solutions have the side effect of increasing the volume of the equipment,
so although a set of 1000 single mode fibres would in all probability provide a detailed image of
observed matter, the circumference of such a device would make it unsuitable for use in endoscopic
applications. In order to keep the diameter small, an ideal solution would be to have a single fibre
with a wide viewing angle in which it captures light, and is able to maintain spatial information as
light travels through the fibre. As we have established above, any information relating to the direc-
tion in which light hits the fibre is lost, but one characteristic of light that does not get scrambled
while travelling through a fibre is the wavelength. Considered along the length of fibre required for
endoscopic applications, propagation losses along the optical fibre are usually negligible, so when a
certain amount of light of a specific wavelength enters that optical fibre, that same amount of light
will reach the end of the fibre. As light of different frequencies does not interact while propagating
through a fibre, information encoded in the intensity of a specific wavelength captured by the fibre
can be retrieved at the other end of the fibre.
It is this property of light propagation in fibres which presents a potential solution for endoscopic
applications and which has inspired the development of the chirped diffraction gratings below. If
broadband light is sent into a fibre, and the light is split up with each wavelength sent in a unique
direction, the returning signal can contain spatial information. In order to create the one-to-one
wavelength to location mapping whilst keeping the size of any optical elements to a minimum, plas-
monics and its ability to control and manipulate light at the nanoscale offers a necessary properties
and potential in the form of chirped diffraction gratings. Chirped gratings on a flexible substrate
are presented below as a possible solution for planar one-to-one wavelength-to-location mapping. It
will be shown that chirped gratings can be seen as a discrete version of blazed gratings, and should
have the capacity to diffract large amounts of light into overlapping high diffraction orders. The
overlapping orders can then be split up by a second periodic grating, perpendicular to the chirped
grating, to create the two-dimensional character of the frequency map (see figure 3.19).
Using the fabrication procedure set out in section 3.1, the gratings will consist of gold nanoplasmonic
structures on a polymer (SU8) flexible substrate. This flexible substrate can be mounted on top of
a fibre in order to diffract the exiting light [47] (see figure 3.11). Using a chirped diffraction grating
in combination with a perpendicularly oriented periodic diffraction grating, a 2D light array can
be created. Within the array a single colour is mapped onto a single area, creating a one-to-one
relationship between location and wavelength enabling the user to produce an image from informa-
tion sent through a single multimode fibre. Before the specific design of the grating is discussed, a
general overview of the relevant theoretical concepts surrounding diffraction gratings will be discussed.
3.2.2 Diffraction gratings
Gratings are an often used to split a collimated lightbeam into diffraction orders. The grating equation
illustrates the process for a linear diffraction grating:
sin(θm)− sin(θi) = mλ
d
(3.1)
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Figure 3.11 – Controlling light exiting a fibre without adding bulky optics is possible by placing
nanoscale plasmonic structures to optically manipulate light on flexible substrates and mounting them
on a fibre-tip.
Where d is the periodicity of the linear diffraction grating, λ is the wavelength of the light, m is
the diffraction order, sin(θi) is the angle of the incident light, and sin(θm) is the angle at which the
mth diffraction order exits the grating. From this formula it is obvious that different periods of light
result in different diffraction angles, with a smaller periodicity leading to larger diffraction angles.
For higher diffraction orders (higher values of m) the difference between the diffraction angle for the
shortest (λmin) and longest (λmax) wavelength increases, and consecutive diffraction orders start to
overlap as soon as mλmaxd = (m+ 1)
λmin
d . The overlapping of the higher diffraction orders will be of
use in the creation of a 2D light array.
Although the grating equation is able to predict the diffraction angles for the orders, it does not
include information about the intensity of each order. The intensity distribution is determined by
the size and shape of the grating, or if the lightbeam is smaller than the grating, the size and shape
of the beam itself. From the Fraunhofer equation it can be determined that the intensity for a simple
rectangular linear periodic grating fits a sinc2 distribution, which concentrates a lot of the total en-
ergy into the central zeroth diffraction order [142]. It is possible to design different types of gratings
to obtain different intensity distribution patterns. One example of particular interest for this project
is the blazed grating, also referred to an echelle or echellette grating for large angles, which has a
triangular grating profile, instead of the square patterns of a regular periodic diffraction grating, as
shown in figure 3.12 [142]. Blazed gratings enable light intensity to be directed to an order different
from the zeroth order, while at the same time suppressing intensity maxima at the other orders. The
mathematical details of this case are discussed in more detail in section 5.1.2.
The ability to direct a lot of energy into a single order is a desirable characteristic, making blazed
gratings an interesting feature to integrate into lithographic fabrication procedures. Unfortunately,
the triangular grating patterns necessary to fabricate blazed gratings are not easily made using elec-
tron beam lithography, as they require precise greyscale patterning. To overcome this fabrication
limitation it would be beneficial to find an alternative design with the same functionality as blazed
gratings, able to be fabricated using standard lithographic techniques. Such a solution exists, and
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presents itself in the form of chirped gratings, which can be seen as a discrete version of blazed grat-
ings, as both designs are able to linearly vary their induced phase change along the length of a single
grating period, or in the case of chirped gratings, superperiod.
Figure 3.12 – A blazed grating consists of triangular periodic structures of height d and with peri-
odicity Λ. The blazing angle and refractive indices of the medium and grating materials influence the
characteristics of the grating.
A more detailed and mathematical analysis of blazed and chirped gratings is provided in sections
5.1.1 and 5.1.2 of the Results chapter, as the analysis was an essential part of understanding the
similarities between chirped and blazed grating functionality.
3.2.3 Chirped Grating Design
The functionality of blazed gratings, and the equivalent operation of blazed and chirped gratings
is covered in sections 5.1.1 and 5.1.2 above, and should convince the reader of the beneficial use of
chirped gratings for creating a 2D light array using nanoscale lithographic structures. This section
covers chirped grating design and fabrication in more detail. The chirped gratings studied in this
project are gratings for which the width of a single grating period strip varies linearly, starting from
a base period db and increasing in equal steps to a maximum period dmax. Each consecutive strip
adds on an extra amount of width, referred to as the chirp c. The result is a set of grating lines each
varying slightly in width and distance from each other, forming a single superperiod defined by the
base period db, the maximum period dmax, and the chirp c, as shown in figure 3.13. This structure
making up a single superperiod is repeated periodically to form the complete chirped grating. An-
other important parameter is the fill factor of the grating material relative to the amount of exposed
space for each period. Figure 3.13 shows several possibilities, including keeping the grating line width
constant, keeping the exposed line width constant, keeping a constant fill factor for each individual
period width, etc. The material used also plays a role in the grating behaviour, but during the project
the gratings were consistently fabricated with gold.
The momentum change induced by a grating with periodicity Λ is determined by the grating constant
2pi
Λ (see figure 3.14). In a chirped grating, the momentum added by the grating changes along a single
superperiod structure from 2pidmax to
2pi
db
. The phase difference induced by the chirped grating is
expressed by the difference in these two extreme amounts:
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Figure 3.13 – A figure illustrating several design choices which need to be made when designing a
grating. (a) And (b) have the same base and maximum period, but different chirp values, with the chirp
in b being double of that in (a). (c) Has the same periodicity and chirp values, but different fill factor,
filling 50% of each individual period, where (a) keeps the same grating line thickness for every strip of
metal. (d) changes the thickness of the metal strips, and keeps the width of the exposed lines constant.
∆k =
2pi
db
− 2pi
dmax
(3.2)
Figure 3.14 – An illustration of a gold on polymer periodic grating with periodicity Λ.
Chirped grating designs require a lot of manual changes as a result of simple parameter changes,
changing the chirp or basic periodicity of a grating requires every singe grating strip to be moved. In
order to streamline and accelerate the generation of a GDSII [145] file to write a E-Line structure,
each chirped grating design was generated using Matlab scripts. Instead of having to manually enter
the design features in the GDSII graphic editor, Matlab scripts allow the designs to be generated
using a set of parameters. The scripts write documents containing ASCII codes based on instructions
in the Raith software reference manual [144], which can be converted by the E-Line software into
GDSII files. The Matlab scripts generated grating designs from the following set of parameters: base
period, chirp, linewidth (set to 0% for a single pixel line or SPL, the thinnest line the system can write
at those alignment settings of the system), superperiod (the width of the total repeating structure),
super repeats (the number of times the superperiod structure is repeated), and height (the length of
each grating strip).
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3.2.4 Chirped Grating Fabrication
Chirped grating samples were fabricated using the standard lithography fabrication process described
in detail in section 3.1, using SU8 polymer [115] membranes on glass (or sometimes silicon) as a
substrate for the gold gratings. Most steps in the process were well known and parameter and setting
tests were all centered around the electron beam lithography step.
• Cleaning substrate
3 Minutes acetone followed by 3 minutes IPA (ultrasonic bath)
• Fabricate SU8 membrane
Spin Omnicoat [114] 1000rpm followed by 1 minute bake at 230◦
Spin SU8 2000.5 (or SU8 2000.5 : cyclopentanone 1:2) 5000rpm followed by 5 minute bake at
100◦
UV-expose SU8 for 2 minutes followed by 2 minute post-exposure bake at 100◦
• Gold evaporation
Deposit 40 nm Au at pressure less than 10−5 mbar and deposition rate around 0.1nms
• Deposit photomask
Spin SU8 2000.5 : cyclopentanone 1:2 5000rpm followed by 5 minute bake at 100◦
• Electron beam lithography patterning
Discussed in more detail below
• Post-exposure sample treatment
2 minute Post-exposure bake followed by 45 s in EC, then rinse in IPA
• Reactive Ion Etch
10 - 11 minute etch for 40 nm Au
19 W setpoint, around -333 DC bias
500 Ar flow, aim for pressure 5.0 10−2 mbar by setting butterfly valve around 37
After a series of dose and setting tests using the Raith E-Line electron beam lithograph, the chirped
grating patterns were written using the following set of parameters:
• Aperture: 10 µm
• EHT: 30 kV
• z = 25.5 mm
• Working Distance: approximately 10.5 mm
• current: approximately 0.03 nA
• 1250 x Magnification, 100 µm Write Field
• Dose and patterning settings
basic step size: 0.002 µm
line dose: 12 pCcm
line step size: 0.006 µm
line dwell time: 0.0002 - 0.0003 ms
area dose: 10 µCcm2
area step size: 0.01 µm
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Figure 3.15 – SEM images of chirped grating samples all fabricated on the same sample using the
same write settings. The design of the chirped grating influences the dose required to achieve successful
patterning. Subfigures (a) and (b) have a low superperiod (800 nm and 1 µm), where (c) and (d) have
a high superperiod of 10 µm. The chirp for (a) and (c) is set to 100 nm, and for (b) and (d) it is set to
10 nm.
area dwell time: 0.0003 - 0.0004 ms
dose factor: 2 - 7
The patterning tests were performed to check the limits of achievable line thickness and the required
dose to optimise the quality of the written patterns. From figure 3.15 it is clear that the requirements
of parameter settings depend on the specific grating design itself. Lower base periodicity and chirp
settings mean that neighbouring lines are spaced more closely together, putting constraints on the
maximum amount of current the area should be exposed to. If the total amount of current gets too
low, the quality of the written patterns reduces and the intended straight and filled in lines become
detached and uneven (see figure 3.17 (a)). If, on the other hand, the current is too high, the lines will
get overexposed, and expand beyond their intended boundaries, resulting in areas beyond the desired
patterns to be crosslinked as well (figure 3.17 (b)). An optimised chirped diffraction grating pattern
is shown in figure 3.18.
In order to make sure the design of any chirped grating is executed under optimised writing parame-
ters, it is advisable to always perform a dose test with the desired design pattern, and select the best
dose settings for each particular write (as shown in figure 3.16)
3.2.5 Chirped Gratings: Conclusion
This section started with the introduction of the optical requirements of endoscopy applications, and
the desire to both scale down the size of optical components and increase resolution of the resulting
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Figure 3.16 – The figure contains SEM images of a dose test performed on a chirped grating design with
7 µm superperiodicity, 100 nm basic period, and 100nm chirp. Images (a) to (f) have been fabricated
using a base line dose of 12 pC
cm
, and a dose factor of 2, 3, 4, 5, 6, and 7, respectively.
Figure 3.17 – SEM images of chirped gratings fabricated during the same write, and with the same
design parameters, but different write settings on the e-beam lithograph. Image (a) shows dose settings
which are too high for the design settings, making neighbouring chirped grating strips overlap. In (b)
the same design has been produced with a lower dose, which reduces the overlap, but the dose is too low
to form a high quality written pattern. The results presented here suggest that the chirp design used
here is too fine to be achieved with the used e-beam settings.
images. A potential solution was presented for the challenge of fibres losing spatial elements of the
information they collect, suggesting this could be overcome by encoding the spatial information in
frequency, as separate frequencies can travel through an optical fibre simultaneously, independently.
This created the need of producing a one-to-one frequency to location map, in combination with the
requirement of keeping the optical components achieving this feature small and mountable on a fibre.
Chirped gratings were chosen over blazed gratings as they can be fabricated with a step-based depth
profile, whereas blazed gratings require greyscale lithography, which is challenging using the standard
electron beam lithography process. However, there are many design parameters to be chosen in the
chirped grating, and it is not immediately obvious which ones would render the best equivalent of a
blazed grating. Based on the analysis of the equivalence presented in 5.1.1 varying the value of 2piΛ
linearly to achieve a linear momentum change is a potentially suitable design choice. Fabrication of
the samples followed the standard lithographic process outlined in section 3.1.
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Figure 3.18 – SEM images of a chirped grating design with optimal writing parameters and dose
settings.
Figure 3.19 – The image shows a schematic of the proposed 2D light array creation. In a first step, a
chirped diffraction grating is designed to diffract light to high, overlapping, diffraction orders. A second
perpendicular periodic grating then diffracts the light to separate the overlapping colours and create
areas covered by a single colour.
3.3 Electron Beam Induced Deposition
Section 3.1 contains a detailed discussion of the methods used to fabricate nanoplasmonic structures
using electron beam lithography. As a well-established fabrication technique, EBL is a powerful tool;
however, it would be wrong to ignore the limitations associated with the technique. Due to the neces-
sity to use masks, precise alignment of consecutive layers is challenging and in many cases impossible.
It is not possible to test or see what you are writing during the lithography step until after the entire
writing process is finished and the masks have been chemically treated. This makes testing write
settings difficult, and parameter and other dose tests are often performed during a separate write.
The technique also has serious limitations when it comes to the creation of 3D structures or greyscale
patterning, as illustrated by the example application discussed in section 3.2, where the well-known
blazed grating structure is abandoned for a less well understood chirped grating design due to the
difficulties electron beam lithography would have creating the greyscale blazed grating profile.
As technology advances, it is logical that people look for ways to get around the shortcomings of
existing methods. One innovation has been to adapt an electron beam lithography system to not just
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Figure 3.20 – Schematic of the Electron Beam Induced Deposition process. The Gas Injection System
nozzle (left) releases gas (W (CO6) during this project) which releases W to adsorb onto the sample
surface under influence of the irradiating electron beam.
pattern available photoresist material, but to deposit materials on the go. The technique is known
as Electron Beam Induced Deposition (EBID), a direct-write fabrication process in which an elec-
tron beam irradiates localised gas molecules engineered to separate upon irradiation by the electron
beam into a target material adsorbed onto the sample surface, and a gas residue to be removed by
the vacuum pump [100]. Using an electron beam lithography system enhanced with a gas injection
system, this process can be achieved and structures can be directly written onto the sample surface,
following the e-beam irradiation pattern. Figure 3.20 shows a schematic overview of a gas injection
nozzle locally providing a gas flow to act as the source material for the deposition process. Figure
3.21 shows a detail of Gas Injection System of the Raith e-Line Plus Nanofabrication system, namely
the reservoirs storing the gas used during the deposition process on the outside of the sample chamber.
The following paragraphs in this chapter will discuss the use of the Gas Injection System for Elec-
tron Beam Induced Deposition in detail. Further chapters will also diccuss the possibilities, benefits,
drawbacks, and limitations of the system, and present results obtained using the fabrication methods
described below.
3.3.1 Introduction
Next to standard electron beam lithography the Raith e-Line Plus Nanofabrication tool contains a
Gas Injection System (GIS) able to directly write patterns onto a sample. Instead of irradiating a
photomask layered on top of a material layer and etching back the exposed, unwanted material, GIS
is used for a fabrication technique known as Electron-Beam Induced Deposition, where gas locally
provides a stream of molecules containing the desired material to be deposited. The electron beam
interacts with the molecules to separate the deposit material, which is engineered to adsorb onto the
sample surface, and a residue product which is removed by the vacuum pump.
In the following sections the setup, alignment and deposition procedure will be described in detail.
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Figure 3.21 – Gas used for the electron beam induced deposition process is kept in reservoirs attached
as a separate module to the electron beam system. The lines of the Gas Injection System connect to the
reservoirs and preconditioning tools needed to heat up and prepare the gas flow for insertion into the
chamber.
Just as with standard electron beam lithography, both the SEM parameters and the patterning gener-
ator settings will need to be set. Additional steps are required for the initialisation process of the gas
injection system, complicating the procedure, and the patterning recipe setting are different because
of the different nature of the materials the electron beam is interacting with.
3.3.2 Introduction to Using the e-Line GIS System
The following subsection describes a detailed step-by-step process to operate the Raith E-Line Gas
Injection System, including reasons for their location in the process and examples of what might go
wrong and how to fix it. The process is based on the information found in the Raith NanoSuite Soft-
ware reference manual [144], particularly chapter 21, and own developments and findings for practical
implementation. A shorter version of this manual is included as an appendix (see 7.1) to this thesis.
Although the operation of the GIS system is disclosed in the Software reference manual[144], a de-
tailed, practical description of the process, including indications of where the standard procedure
might result in errors and what can be done about it, had to be developed through using and gaining
experience with the system. The operation of the GIS system is not intuitive, and includes many
individually essential steps. Mistakes could result in inflicting a considerable amount of damage to a
sample, the machine equipment, or both. The procedure described below is not the only correct op-
erating method, nor is it necessarily the best, but if the instructions below are followed meticulously,
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the system should operate successfully.
Learning to initialise, align, and operate the GIS system and bringing down the amount of time
needed to go throught the process, with only the user manual as guidance was not straightforward,
and required a great amount of care to make sure no mistakes were made. During the learning pro-
cess of developing an operating procedure, which resulted in the creation of this manual, the time
necessary to set up the system for performing a GIS deposition was reduced from 3.5 hours to around
45 minutes. The existence of this manual will hopefully contribute to making the operation of the
GIS system more streamlined and tailored to the specific machine available to the university, with the
step-by-step description of the process giving an inexperienced user confidence while going through
its essential steps.
3.3.3 Initialisation and Alignment
1. Start the Elphy program as a GIS/Nanomanipulator User
Operating the GIS will not work when trying to act as a standard user, and as an admin user,
it is possible to override systems in place to avoid damage to the machine.
2. Load the sample on the Ultra-Flat stage
The use of this stage is essential, in order to avoid collisions of the GIS and/or nanomanipu-
lator systems with the stage. The GIS system assumes this stage layout is being used when
navigating the GIS nozzles around the machine chamber.
3. Make sure the GIS nozzles AND the nanomanipulators are initialised and parked
Initialised and parked items are identified by a blue circular icon next to their name in the
relevant submenu. If the circular icons are red or grey, the operator in question is not parked
and/or initialised, and this will need to be remedied in order for the setup process to continue.
If the operators are not initialised, the park button will be grey instead of blue, and it will not
be possible to click it.
Although the nanomanipulators are not needed during GIS operation, the system needs to know
their location in order to know if the space is clear for a movement to be performed, avoidoing
possible collisions with the nanomanipulators and inflict damage.
1) In order to start the initialisation process, click a button icon at the top left of the GIS
operating menu, indicated by a ruler with the numbers [0 1 2] beneath it. This button can start
the initialisation process, but often will not start itself. In that case it is necessary to drive
the stage down to z = 1 mm manually, and try the initialision procedure again. It might be
necessary to log in as administrator to do this.
2) If driving down to z = 1 mm fails to start the initialisation process, log in as administrator
and check whether the nanomanipulators or GIS nozzles are locked, and if so unlock them,
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which can be done in the Administrator level submenu by deselecting a lock-icon.
All operators need to be unlocked and parked, and the system is returned to being logged in as
a GIS/nanomanipulator user before proceeding to the next step in the setup process.
4. Once everything is initialised, turn on the relevant nozzle and reservoir heaters
Heating the nozzles requires time and it is beneficial to allow this to happen during other
alignment and initialisation steps. Although the first heating up cycle of the nozzles happens
relavively fast (less than half an hour for tungsten), subsequent cycles of cooling down and
heating up of the nozzles are significantly slower. Whenever a user level needs to be switched
(e.g. from GIS/nanomanipulator to administrator level or back), the heaters are turned off, and
their slow recalibration of the heating process causes delays to the process. It is therefore helpful
that you check the nanomanipulator and GIS initialisation state before starting the heating up
process, in order to avoid losing time unnecessarily.
5. Select write settings for aperture, EHT voltage, and working distance (WD)
The meaning of the settings is discussed in more detail in section 3.3.5. The system is able
to save several presets, which can be useful starting points when using similar samples several
times. If a similar sample has previously been loaded and used for GIS operation a relevant
preset might be loaded.
6. Drive the stage to z = 25.5 mm
This is a standardised starting point for any write to obtain an approximate working distance
of 10 mm, and very suitable to start the precise z-alignment procedure later in the process.
7. Measure the Faraday Cup current
This can be done both manually and via the automated built-in system of the software. When
using the automated system, be sure to check that the Faraday current is measured at the
correct location, above the Faraday cup on the stage. If the wrong location is selected, which
occurred several times during testing, the measured current will be incorrect and the system zill
not flag this up. If the USB TV monitor is turned on during the Faraday cup measurement the
current will not be measured and retun a value of 0. The system will not give an error message
when this occurs, or provide a warning if the returned value is 0, so care should be taken by
the user to avoid this situation.
8. Adjust the basic alignment settings: origin, angle correction, focus, aperture, and
stigmation
These are all alignment procedure steps which also occur in the standard use of the E-Line
in lithographic operation, and will therefore not be discussed in detail in this section. Origin
and angle correction procedures are traditionally performed at the beginning of the alignment
procedure, as they require large ranges of movements in the x and y directions, and do not
need precise alignment on the sample surface, which might be location-dependent. These pro-
cedures cannot be performed once the nozzles have been driven in, because of the movement
they require. In order to start the precise z-alignment procedure, the system should be sharply
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focussed on the sample surface.
9. Set the Working Distance to exactly 10.000 mm
During Electron-beam induced deposition, the nozzles of the gas injection system need to be
very close to the surface of the sample, and the GIS equipment is calibrated to operate at
a 10 µm working distance. When driving the nozzles down to hand 10 µm above the sample
surface, the location of this surface should be known to at least 1 µm precision. The micronscale
alignment of a stage able to move within a range of 30 cm is not straightforward, and requires
reliable and precise equipment. The observant user will also note that the sample itself should
not show any variations in height above micron scale as these would form obstacles for the
nozzles to collide with.
10. Peform an iterative Working Distance setting process
(recommended start at z = 25.5 mm at or near a location where you intend to write)
1) Focus on the sample surface
2) Read the Working Distance. This can be done from the ’read W’ menu tab. Once you have
read the WD value, click ’adjust W’, making sure the ’read from CCD’ option is not selected.
3) Drive to W = 10.000 mm and refocus on the sample surface.
Repeat this process until the sample until the read W value stabilises at 10.000 mm. In order
to set the value to a reliable value with micrometre scale precision and accuracy, a 0.5 µm erorr
is tolerated, rounding up or down to the nearest µm. The software does not have the option
to set the working distance directly, as it depends on both the z-location of the stage, and the
focussing settings. it is instead set indirectly by reading its value to W, which is a relative
z-parameter, and can be used to direct the z-value. By equating W and the working distance
iteratively, and refocussing after every iteration, the z-location of the stage and focussing pa-
rameters are coordinated to result in the correct 10.000 mm working distance.
Once the alignment parameters and working distance are set to the desired values, save these
settings in a first preset mode, e.g. ’EBID parked’. This will allow the user to reset the system
to this set of parameter values if the system gets misaligned too severely or the working distance
is adjusted unintentionally. Mistakes during the setup and writing process are easily made and
this preset avoids you having to restart the alignment procedure when an alignment mistake is
made in a later point of the process.
11. Start the outgas procedure
During the time it takes to align and focus the system at the correct working distance, the
reservoir and nozzle heaters should reach the desired temperature to start the outgassing pro-
cedure. The circular LED icon next to the control button of a gas nozzle on the GIS submenu
will turn green to indicate that the nozzle has heated up sufficiently and is ready for the gas
flow to be opened.(see figure 3.22).
Outgassing should be performed at the start and end of each use of the GIS module, to remove
any residue from the nozzle and gas flow system to avoid damage to the equipment or decrease
the quality of the deposition. In order for the outgas procedure to start, the EHT needs to
be turned off, for the pressure gauge in the sample chamber to function so it can monitor the
condition inside the chamber during the outgassing procedure.
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Figure 3.22 – Menu screen capture of the Raith Nanosuite software, GIS nozzle operation submenu.
The GIS micropositioner has been initialised and the GIS nozzles are parked. Nozzle 5 (Tungsten)
has been selected as the writing nozzle, and the nozzles and Tungsten reservoir have reached their set
temperature, indicated by the green LED icon. The tungsten line is ready for outgassing and gas flow
procedures.
During the outgassing procedure, the system vacuum is monitored using the Gun Monitor
program. The system vacuum should stay below 1 e−5 mbar at all times and ideally stabilise
around 3 e−6 mbar when the GIS valves are closed.
Outgassing is done using the standard system settings and using outgas ’on’ times of 0.3 s, 0.5
s, and 0.7 s. Each time setting is repeated until the spikes in pressure stabilise or reduce in
height.
12. Drive the nozzles in
Once the outgassing procedure has finished the nozzles can be driven to the surface of the sam-
ple. This procedure can be followed from the USB TV screen setting, and there is an emergency
stop button availiable in the GIS setting menu.
13. Setting up the EBID writing mode
The proximity of the nozzles to the surface and in the field of view of the electron beam col-
umn affects the alignment and focussing settings of the system. The aperture, stigmation and
focussing settings will have to be adjusted, in a similar method as described above, to fit the
new situation. These new settings can be saved in a separate preset, e.g. EBID write. If this
preset already exists from a previous write on a similar sample, loading it once the nozzles have
been driven to the surface can simplify the realignment process.
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3.3.4 Setting up writing patterns using the GIS
This section gives an overview of how to use the GIS software to write structures, focussing on 2
different approaches: ad hoc writing and writing using positionlists, and both come with their own
benefits and drawbacks. Ad hoc writing is useful for tests on the sample, due to its setup speed, and
when precise positioning on the sample is required, as it employs a fast drag-and-drop method to
position designs instead of using coordinates to position the structures. Positionlists are useful when
the positioning of structures relative to each other is more important than their precise location on
the sample. The positionlists take longer to set up, but are saved and can therefore more easily be
repeated. They also lend themselves well to larger and regular sets of repeated structures and patterns.
1. Writing Ad Hoc
Writing ad hoc structures allows the user to use the equipment in its true point-and-shoot op-
erating modus, selecting and focussing on the location on the sample where you wish to write,
and drag-and-dropping the desired patterns to their precise location. The patterning param-
eters can be individually set for each structure, and it is not necessary to save the patterning
parameters or location of individual structures relative to each other.
Using the imaging mode the user can drive to a desired location on the sample and focus there.
Once the desired settings have been reached, the user can open a single image, which will
switch the system to patterning mode. The image will show the field of view of the current lo-
cation of the electron beam, and at the field of view settings selected during setup of the system.
A structure design file of a compatible format (in this case GDSII files [145] were used), can
be placed onto the image by drag-and-dropping the GDSII-file into the image. This action will
also open the drawing tools section of the toolbox. Using the drawing tools, the user can then
change the originally dragged design by altering, deleting, or adding structures to the design,
and moving the structures around both relative to each other and as a whole across the sample
surface. These changes can be saved in the GDSII file or the original GDSII file can be kept.
Next to the design of the writing pattern and its position, the writing parameters need to be
set, an overview of these parameters is provided in table 5.1 in the Results chapter. This can be
achieved by selecting one or more of the structures and pressing A to bring up the window to
set and select patterning attributes, or by dragging and dropping a pre-written set of attributes
(recipe settings) to the selected structures. Whether using a pre-written recipe or setting the
patterning attributes from scratch, it is important to update the beam current values in each
recipe. The beam current should have been determined during the initialisation and alignment
phase of the writing process, so it is important to click the adjust button, and not the button
with the icon of a pipette, as this will drive back to the Faraday cup, which could damage the
system, as the nozzles are driven near the sample surface.
2. Writing with Positionlists
Writing with positionlists makes it easier to save writing patterns for repeat use, to have several
structures at precise positions relative to each other, and to automate the writing process. It
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does lose the point-and-shoot functionality of the system, as the structures are positioned using
coordinates instead of being positioned directly onto an image of the sample surface. Macros
make it possible to automate actions necessary for the operation of the system, e.g. driving
the nozzles in/out, opening/closing the valves, and changing the working distance for 3D write
settings. Positionlists require a seperate GDSII file [145] for each structure with a different
design or set of patterning attributes, although dose factors of GDSII files in their entirety can
be amended in the positionlist itself.
A positionlist is a list of files which are executed in order, and can be compiled by drag-and-
dropping the relevant files into the list. The list should include a file of each structure to be
written, with location coordinates allocated to each file, as well as any macros and functions to
automate changing settings of the system during the write. Each GDSII file should have the
patterning attributes set individually, which can be achieved by opening the file in editing mode,
selecting one or more structures in the file, and pressing ’A’ to open the patterning attributes
menu and entering the desired parameter values (see section 5.2.1).
Figure 3.23 – a) Writing with positionlists is useful for writing patterns with multiple structures at
precise positions relative to each other, as structures are positioned based on coordinates. b) Ad hoc
writing uses the point-and-shoot method and is therefore useful to perform dose and other parameter
tests to optimise the write settings for each individual sample. Characteristics to be tested could include
parameters which influence the writing dose and speed, minimal feature size, and feature separation.
3.3.5 Setting recipe values
The GIS system allows the user to define individual writing parameters for each structure, making it
possible to have different settings even within the same GDSII file. Some settings can be defined for
the entire write, as is the case for normal E-Line operation, (e.g. step size, dwell time, ...) but other
parameter values specific to the GIS deposition process need to be set for each feature.
Some of the system settings affect the writing parameters of the system. The aperture and EHT
voltage settings both have an influence of the writing speed and resolution of the system. Deposition
rates increase for lower EHT voltages [144], and decreasing the aperture increases the depth of focus
and decreases the beam current.
Parameter values for each individual structure can be set and edited using the patterning attributes
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menu within the GDSII file editing mode. This menu can also be called forward during ad hoc writ-
ing. The menu opens in a separate window, and contains a list of patterning parameters, an overview
of which can be found on pages 215 - 219 of the Raith E-Line Software Reference Manual [144]. In
the list of parameters, a whole range of values need to be selected, both general e.g. the process type
(deposition), and deposition specific elements. The parameters are organised according to the type
of structure (dots, lines, areas).
One of the general parameters is the value of the Faraday cup current (measured during setup), which
is essential to allow the system to determine other writing parameter values. Saved recipes tend to
remember the previously loaded value, and do not update the current automatically, even though a
new value has been measured during setup of the GIS process. The value can be updated by clicking
’adjust’, and not the button with a pipette icon, as this button drives the stage to align the Fara-
day cup underneath the electron beam column to remeasure the current, which could damage the
system when the nozzles are at the sample surface. The system does not provide a warning message
if you press this button so care must be taken by the user to not press it when the nozzles are driven in.
When it comes to setting the parameters relevant to the material deposition, a key value to determine
is the dose, the amount of charge deposited in a location. Depending on whether dots, lines, or areas
are written it is expressed in charge (in the system often expressed in units of pC), charge per length
(pC/cm), or charge per area (µC/cm2) respectively. The dose can be calculated as the product of
the dwell time with the beam current, divided by the relevant step size, and the selected number of
loops, and line spacing also play a role in the overall total exposure of electron current to the sample
surface [144]. The balance between the different parameters determining the dose, as well as the dose
itself, is delicate and depends on the nature of the sample, as well as the overall settings of the system
(e.g aperture size, EHT value, etc.). Decreasing the step size increases the dose as does increasing
the dwell time of the beam in a specific location. Smaller step sizes and line spacing increase the
resolution as well as the dose, although making them too small will cause overlap of neighbouring
elements which can affect the pattern. If the dose is too high, the deposition will not adhere to the
surface properly, and if the dwell time too short, the deposition might fail. In order to find a balance
between the settings, the ad hoc writing procedure of the GIS system provides an ideal method to
test different parameter values. Making use of different loops makes it possible to repeat the singular
dose settings several times, and the dose can also be influenced by changing the dose factor, which
multiplies the value of the base dose.
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Chapter 4
Experimental Setups
The following chapter provides a description of the design and use of the experimental setup built
during this project, and outlines how it works and was used to measure the properties and character-
istics of different types of samples fabricated. The content of this chapter is limited to setups meant
to characterise and measure samples, and any setups built for use during fabrication were covered in
chapter 3 above, and will not be discussed here.
4.1 Fourier Microscopy
4.1.1 Introduction
The following section concerns the Fourier setup which was built to measure far field diffraction and
scattering patterns of several types of samples. The sections will discuss what Fourier Microscopy is
and why it was chosen for the project. The development of the Fuorier Microscope in its different
stages will be outlined, discussing the purpose of the individual optical elements, aiming to clarify
why they were added to the setup.
4.1.2 Visualising the Far Field with Fourier Microscopy
When studying diffraction and scattering behavior, the properties containing the most characteris-
ing information is the distribution of the directions in which light is scattered or diffracted, and the
intensity distribution across these directions. In order to visualise these properties, it is necessary
to observe the light pattern at a point where all the diffracted rays have been separated into their
respective directions. In the near field, diffraction orders are still overlapping and cannot be distin-
guished from each other, whereas in the far field light moving in different directions have propagated
far enough to have moved away from each. In fact, the far field is the Fourier transform of the spatial
light distribution, rendering a pattern of the spatial frequencies of the initial beam or beams, making
it an ideal tool to observe diffraction patterns [147] [151]. Of course, measuring or observing light
in the far field has its own drawbacks, with long propagation distances requiring a large amount of
space, and the physically separated diffraction orders requiring a large sensing surface covering a wide
range of angles at the point where they are observed. Luckily, there is a solution to any problems
this may cause as it is well known that a thin lens brings the far field of a light distribution in its
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object focal plane, to the image focal plane of that lens [148], meaning it is possible to control the
location where the far field light distribution is observed, as well as the size of the far field pattern
and the space required for the optical setup.
Fourier imaging can be explained, using the geometric or ray optics model, as imaging all rays having
the same direction when hitting a lens onto a single point in the image focal plane, also referred
to as the Fourier plane. This means that a point in this plane represents a direction, or spatial
frequency, and therefore a direction in real space has been converted into a point in Fourier space.
Looking at Fourier imaging starting from an image formed in the object focal plane of a lens, all rays
coming from a single point in this image will travel parallel to each other after passing through the
lens, as illustrated in figure 4.1 showing that the reverse transformation has been performed and a lo-
cation or point in object space has been converted into a direction or spatial frequency in image space.
Figure 4.1 – A thin lens transforms all light coming from a single direction in the object focal plane,
into light being focussed in a single point in the image focal plane, also called Fourier plane, behind
the lens. Collimated light travelling parallel to the optical axis will be focussed onto the intersection of
the optical axis with the Fourier plane. A thin lens can (Fourier) transformed each direction to a single
unique point in the focal plane.
This ability to convert images in real space to a direction in spatial frequency space and back using
a set of 2 lenses is equivalent to using a Fourier and inverse Fourier transform to arrive back at the
original function in real space. This feature allows us to create two sets of conjugate focal planes
using a set of lenses, each placed to have the object focal plane to coincide with the image focal
plane of the previous lens in the light path, each consecutive plane alternating between rendering real
and spatial frequency images of the same original object. The planes where a real image is formed
are also referred to as image planes, whereas planes which produce a spatial Fourier transform of
the original object are referred to as back focal planes. An example illustration of the use of two
sets of conjugate planes is Ko¨hler illumination, which uses a back focal plane image of a filament to
illuminate a sample as this provides uniform illumination due to light from the filament having no
preferred direction [149] [150].
4.1.3 Fourier Setup
Building a Fourier setup might appear straightforward at first glance, as the above paragraphs have
just discussed that a simple thin lens provides a Fourier transform of the object focal plane, in the
image focal plane. However, although this is the case, the characteristics of the optical tools used
have an influence on the quality of the Fourier image formed, and often a simple lens will not suffice
to achieve a Fourier transform with acceptable properties.
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One of the first optical properties to consider is the Numerical Aperture (NA) of the lens, which for
a thin lens in air can be expressed as follows:
NA = nsin(θ) (4.1)
With n equal to the refractive index of the lens and θ equal to the half angle of the field of view
angle between the centre of the focal plane and the diameter of the lens, as shown in figure 4.2. The
numerical aperture of a lens expresses the viewing angle of the lens, and as the goal of the setup is to
map the directions in which light propagates from a chosen sample, it is desirable to maximise this
angle, and corresponding NA.
Figure 4.2 depicts a schematic of the viewing angle for a thin lens and an objective, a more com-
plicated optical lens system often designed to minimise aberrations. The best type of objective for
Fourier microscopy is a Plan Apo objective with high NA and low magnification. The plan and
apo(chromatic) terms indicate optimal correction of field curvature, and chromatic and spherical
aberration, respectively. The need for a high NA is explained above, and a low image magnification
results in a larger image in the Fourier plane (as illustrated in figure 4.3). Usually, the numerical
aperture of a lens increases with magnification of the lens, so a compromise between Fourier image
size and viewing angle will need to be made when selecting an objective [151]. In the setup a Mitutoyo
Plan Apo 50x objective with an NA of 0.55 was used for the majority of the measurements, with
occasional tests performed with a Mitutoyo Plan Apo 100x objective with an NA of 0.7.
Figure 4.2 – The numerical aperture of the lens determines which viewing angle can be observed by
the Fourier microscopy setup. Objectives with large magnification can be designed to have a large
numerical aperture θ2 compared to the relatively smaller NA of a single lens θ1, equal to the product of
the refractive index of the lens and half the diameter of the lens aperture divided by the focal length.
Now that the lens to be used for Fourier transforming the light pattern has been selected, it should
be straightforward to get the Fourier transform by simply placing the illuminated sample generating
the diffraction pattern in the focal plane in front of the objective, and placing the detector in the
back focal plane. Figure 4.3, which contains the Fourier image of a periodic diffraction grating at
two different objective magnifications, illustrates the clear equivalent between the back focal plane
image, the far-field pattern, and a Fourier transform. The Fourier transform of a a collimated beam
diffracted by a periodic grating is a series of points along a straight line in the plane of the periodic
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Figure 4.3 – Comparison of images taken with the same setup and 16 µm periodic grating sample, but
using different objectives. The lefthand image shows the Fourier image at the back focal plane for a 50 x
magnification, and the righthand image shows the same for a 100 x magnification objective, illustrating
that a higher magnification, linked to the same numerical aperture, results in a smaller Fourier image.
grating profile. As a periodic diffraction grating produces light diffracted into orders distributed as
dictated by the grating equation 3.1, a set of discrete diffraction directions is expected in the far
field 3.2.2, which corresponds with the obtained image, each dot on the Fourier image representing
one of these diffraction orders, and equivalent propagation directions. The far-field pattern has been
brought forward to the back focal plane of the lens, and displays each direction in which a significant
amount of light is diffracted within the field of view of the objective, and each dot can be understood
to be a spatial frequency of the Fourier transform of the diffraction pattern.
However, it is common in many objective designs for the back focal plane to fall inside the objective
casing, making it inaccessible for the detector. Additional optical elements will therefore be required
in order to direct the back focal plane image onto a detector.
In a first version of the Fourier setup, two additional lenses, referred to as a tube lens and a Bertrand
lens are placed to overlap consecutive image and object focal planes, as shown in figure 4.4. The
tube lens is placed after the objective, with the back focal plane overlapping with the focal plane of
the tube lens, to create an image of the original object at the imaging focal plane of the tube lens.
The Bertrand lens is then inserted to take a Fourier transform of the image of the original object
by aligning the focal plane of the Betrand lens with the location of the image plane. The Fourier
transform can be found at the back focal plane of the Betrand lens, where the detector (Basler Ace
1920-25gm) can be placed [151]. Aligning a microscopy setup to image the back focal plane can
be very counterintuitive as the image of the observed object is not in focus, making the build and
alignment of the setup a lengthy process. Figure 4.4 illustrates the 2 sets of conjugate planes, the
image plane and the back focal plane, alternating at the focal plane of each consecutive lens [150].
The quality of the observed image is influenced by the precision and accuracy of the alignment of the
setup. Figure 4.5 illustrates how the distance between the sample and the objective can influence the
observed pattern. In the images the working distance, which the distance between the sample and the
entrance of the objective is often referred to, is varied from 6 mm to 24 mm. The detected pattern
clearly shows a maximum field of view angle, which appears to be achieved when the sample is placed
at the focal plane of the objective, located at 20 mm. The objective has been designed so that this
distance with widest viewing angle coincides with the point where rays coming from optical axis are
collimated and parallel to the optical axis at the back focal plane. This distance can therefore be
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Figure 4.4 – A schematic of the Fourier setup using 2 lenses, indicating the locations of the imaging
and back focal planes and the distance between lenses and planes. The top schematic shows the image-
forming rays, being in focus when at image plane locations and parallel when passing through the back
focal planes. The bottom schematic shows the Fourier image-forming rays, which are in focus at the
back focal plane of the objective, and on the detector.
referred to as the front focal length of the objective. For distances larger than this optimal distance,
the outer parts of the light cone are no longer caught by the objective, cutting off those propagation
directions, represented as the outer spatial frequencies of the Fourier image. If the working distance is
shorter than the optimal length, part of the beam will be blocked inside the objective itself, resulting
in the lower number of diffraction order visible in lefthand images in figure 4.5.
Figure 4.5 – The figure shows a series of Forier images taken with the same 2-lens setup, using a 16 µm
periodic dielectric diffraction grating and 50 x magnification objective. From left to right the working
distance between the sample and the entrance of the objective was varied from 6 mm, 10 mm, 15 mm,
20 mm, and 24 mm. 21 mm was determined to be the ideal working distance for the objective.
Although the above setup is suitable for measuring high-efficiency periodic gratings, distributing a
significant amount of energy to higher orders, as illustrated in figure 4.3, other gratings will have a
less even energy distribution, with the zeroth order intensity dominating the diffraction pattern, as
shown in figure 4.6. This imbalance in intensity makes it impossible to set an exposure time on the
detector to observe the higher orders, either the exposure time is too high and the intensity of the
zeroth order saturates the sensor and screen and drowns out the other orders, or the exposure time is
lowered to avoid this zeroth order saturation, but the intensity of the higher orders is not observable
at these settings.
In order to make it possible to observe higher diffraction orders of samples with a single dominant
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Figure 4.6 – The intensity distribution of samples with lower efficiency is biased towards the zeroth
order for perpendicular incidence, as most of the incident light is led towards the zeroth order. The
image shows the Fourier transform of the diffraction pattern of a 10 µm periodic gold on glass grating.
order using the Fourier setup, a beam block can be placed in the back focal plane, at the location
where all light diffracted into the zeroth order is focussed. In the setup described above (figure 4.4),
two back focal planes are present, the first is located within the casing of the objective, and therefore
unreachable. The second is focussed onto the detector, and also unsuitable to be used to block the
dominant light order. To achieve the beam block, the Fourier setup will have to be expanded to
include a third back focal plane, which should be accessible to a beam block element.
An additional lens is placed behind the Bertrand lens, located 2 focal lengths away from the back focal
plane where the detector was placed before. This frees up the second back focal plane for placement
of a beam block. The third lens simply provides a one-to-one upside down image of the back focal
plane at a distance of twice the focal length on either side of the lens. The detector can be placed
two focal lengths away from the lens to image this third repetition of the back focal plane, as shown
in figure 4.7. The beam block is set up to be translatable across the back focal plane in order to align
it with the desired order to be blocked.
Figure 4.7 – The Fourier microscope setup extended with a third lens, and a movable beam block is
added to enable the suppression of a dominant diffraction order. The third lens is placed at twice its
focal length from both the detector and the second back focal plane to create a one-to-one translation
of the back focal plane.
Figure 4.8 shows a comparison of the image recorded by the detector with and without a beam block
blocking the zeroth diffraction order. The top image (a) shows the recorded image when the beam
block is not in place: the zeroth order is bright and clearly visible in the centre of the image. The
bottom image (b) shows a recorded image taken with the same setup and sample, but with a beam
block in place in the back focal plane, preventing the zeroth order from propagating. In order to
detect the lower intensity of the higher diffraction orders visible in the image, the exposure time of
the image in (b) needs to be higher than the exposure time used to obtain an image of the brighter
illumination of (a). The grey background patterns in (b) are due to the imperfect shape, size and
positioning of the beam block. The block used in the setup was a small black dot drawn on a glass
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slide in permanent marker, causing diffraction around its irregular edges. The grey and black marks
in (a) are caused by imperfections and damage (e.g. scratches) to the optical components of the
system.
Figure 4.8 – a) Fourier image of a gold periodic grating, with the zeroth diffraction order saturating the
detector, and no other diffraction orders visible. b) The same sample and setup, but with a beam block
in place in the back focal plane, blocking the zeroth order transmission, making the higher diffraction
order visible.
The setup as it has been described up to this point relies on perpendicular illumination transmitted
through the back of the sample. Indeed, when keeping in mind one of the intended applications (see
3.2), the necessity to place the diffraction pattern generating sample at the end of a fibre tip makes
perpendicular incidence a requirement to correspond with application conditions. The fabrication
procedure of chirped grating samples, and many other types of samples used throughout the project
allows them to be fabricated on an SU8 membrane carried on a glass substrate, the transparency of
these layers enabling the use of transmission illumination. However, not all samples were fabricated
on transparent substrates. The GIS system 3.3.2 benefits from a conductive substrate, and although
initial tests were performed using ITO covered glass, the resulting deposition and pattern quality
was a lot better when working with silicon substrates. In order to be able to measure diffraction
pattern generators fabricated using Electron-Beam Induced Deposition, the Fourier microscopy setup
was adjusted to work for illumination and imaging in reflection.
In order to achieve the compatibility with opaque samples, a beam splitter was added to the setup
between the first and second lenses of the system, having focal lengths of 25 mm and 50 mm, respec-
tively. This allowed the laser beam to enter the system at a 90◦ angle, as illustrated in figure 4.9.
The collimated laser beam is focussed onto the back focal plane of the objective by the tube lens, and
appearing from the front end of the objective to provide the sample with a collimated illumination
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Figure 4.9 – A birefringent mirror is added to the setup and the light source is moved to enable the
setup to work in reflection and accommodate opaque samples.
source. The reflected, diffracted light is sent back through the objective and tube lens, after which
50% of the diffracted light passes through the beam splitter towards lens 2. Losses resulting from the
use of the beam splitter were partially compensated by increasing the power of the laser source, and
the resulting Fourier diffraction patterns were visible on the detector. The light further propagates
through the system, passing through the beam block if necessary, and lens 3 forming a focussed image
of the back focal plane onto the detector.
Figure 4.10 – Photograph of the Fourier microscope setup for operation in reflection. The 532 nm laser
beam enters the setup from the bottom of the image, being reflected at a 45 ◦ angle by a beam splitter
placed between the tube lens (f = 25 mm) and second lens (f = 50 mm) of the system. The sample holder
and beam block are both mounted on three-dimensional translation stages to enable precise alignment.
The third lens in the system (f = 35 mm) provides a 1-to-1 translation of the back focal plane to the
detector.
Adapting the system for use in reflection added several extra alignment complications. The direction
of the laser beam and the beam splitter has to be adjusted to achieve propagation of the laser beam
along the optical axis of the system, and obtain perpendicular and collimated incidence of the laser
onto the sample. Figure 4.10 shows an image of the Fourier microscope set up to operate in reflection,
with a reflective silicon sample mounted on the sample holder.
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Chapter 5
Results
This chapter will present results obtained throughout the course of this project. The work performed
for the project was mostly fabrication-based, and can be separated into two distinct categories: tra-
ditional plasmonic structures and electron-beam induced deposition-based structures. A first section
of the chapter deals with the results from the chirped grating application (see section 3.2), while a
second part of this chapter covers results obtained through electron-beam induced deposition using
the Raith E-Line Plus nanofabrication tool [143].
5.1 Chirped Gratings
5.1.1 Chirped grating design theory: Equivalence of blazed and chirped
diffraction gratings
In order to design a discrete planar equivalent of blazed diffraction gratings, the relationship between
chirped gratings and blazed gratings in relation to light interaction had to be understood on a more
fundamental level. Figure 5.1 shows a single period of a blazed grating, a triangular profile defined
by the refractive indices of the grating material and environment, and the height and width of the
blazing triangle, sometimes expressed in terms of the blazing angle (Asin( d√
d2+Λ2
)) with d the height
of the blazing triangle, and Λ the length of the blazing triangle, and the periodicity of the blazed
grating. Starting from the lefthand side of the triangle in figure 5.1, light propagating at perpendicu-
lar incidence (along the y-axis), will cover an entire triangle-height d in the grating material. Moving
to the right along the x-axis, the proportion of light travelling through medium n2 decreases linearly
from 100% of height d to 0% at the righthand tip of the triangle at x = Λ. This linear variation in
propagation distance through n1 andn2 is equivalent with a linear change in optical path length.
If, in order to be used in a Fourier transform context, this configuration is expressed as phase contri-
butions collected while propagating across the height d of the grating, it reads:
φ =
2pid
λ
(n1
x
Λ
+ n2(1− x
Λ
)) (5.1)
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Figure 5.1 – A single period within a blazed grating. The grating characteristics can be defined by the
refractive indices of the blazed grating material (n2) and the environment (n1), and the blazing angle,
here expressed using the height d and width Λ of the blazing triangle.
which returns a phase contribution entirely inside the grating material for x = 0 (2pidλ n2), and entirely
outside of the grating material for x = Λ (2pidλ n1). This optical path length difference caused by the
refractive index difference is the cause of the diffraction pattern. In the case of a blazed grating, the
optical path length varies linearly along a single blazed grating period.
It is also clear that diffraction gratings impose a similar optical path length difference, in this case
expressed by the grating constant 2piΛ as shown in figure 3.14, with Λ the grating period. In order
to find out how to a linear change of this induced optical path length using diffraction gratings, the
effects of blazed grating diffraction are analysed in more detail below.
If no grating was present, the optical path length would lie entirely in n1, as is the case as x = Λ, so
the optical path length change or phase addition depends entirely on the height and material of the
blazed triangle at each location along the x-axis.
Figure 5.2 – Light transmitted through the blazed grating propagates through the grating material and
through the surrounding environment (often air), the proportion of pathlength travelled through each
material varies along the length of the blazed grating triangle and is expressed in the picture as Λp1 and
Λp2 .
The wave vector k of incident light can be described as 2piλ , and it is possible to determine the wave
vector of light propagating through a blazed grating at normal incidence, taking d as the maximum
height of the grating, and Λ as its length. Take kp to be the wave vector of light propagating through
the grating at distance p from the left corner of the grating, as shown in figure 5.2. This means the
light propagates through the environment (n1) of the grating for a fraction p1 =
p
Λ of the total height
d, and the remainder of the height p2 = 1 − p1 propagates through the grating material (n2). The
total wave vector kp can be expressed in terms of wave vectors k1 and k2 propagating through the
environment and grating material:
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kp = p1k1 + p2k2 (5.2)
With
k1 =
2pin1
λ0
(5.3)
k2 =
2pin2
λ0
(5.4)
If the grating was not present at all, kp would be equal to k1, so in order to find an expression for
the added momentum caused by the grating, kp will be expressed in terms of k1 plus an extra term.
To achieve this expression we add and subtract n1 from the expanded form of k2:
k2 =
2pin2 + (n1 − n1)
λ0
(5.5)
This can be reorganised to read:
k2 =
2pin1
λ0
+
2pi(n2 − n1)
λ0
= k1 +
2pi(n2 − n1)
λ0
= k1 + γ
(5.6)
where
γ =
2pi(n2 − n1)
λ0
(5.7)
Substituting this expression into the expression for kp renders:
kp = p1k1 + p2k1 + p2γ (5.8)
= k1 + p2γ (5.9)
The blazed grating adds an amount of momentum to light propagating through it equal to p2γ, with
p2 varying linearly from 0 to 1 along the blazed period length.
If blazed gratings add momentum to propagating light varying linearly along a single blazed grating
period, then the goal of this application is to find a planar structure which creates a discrete equiva-
lent of this effect. It is well-known that periodic diffraction gratings add momentum upon reflecting
or transmitting light, in an amount proportional to the period of the grating. As a consequence,
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changing the period of the grating changes the amount of momentum added. This is where the
idea of a chirped grating emerges. Starting from a base (minimum) period, the periodicity of each
subsequent grating element is increased by a small amount until a maximum period is reached. The
entire set of elements with slightly varying periodicity is repeated many times to form a structure
with set superperiodicity. The chirped grating as described here has many parameter values which
have to be decided upon, including the base period, the manner and amount by which the period of
each subsequent element is increased, the duty cycle of each element, etc. Will the efficiency of the
grating increase if each groove keeps the same width, or should it be determined as a fraction of the
total periodicity? Is there an optimal fill factor proportion or air and metal, and can varying this
duty cycle for each individual element optimise plasmonic resonances to achieve increased efficiency?
The designs executed during the project all concern linear changes in the chirp of the grating peri-
odicity, although other variations in periodicity could potentially lead to more beneficial results.
Starting from the grating equation
n2sin(θm)− n1sin(θin) = mλ
Λ
(5.10)
It is possible to transform this equation to be expressed for wave vectors by making the following
substitution:
λ =
2pi
k
(5.11)
Which leads to
n2sin(θm)− n1sin(θin) = 2pim
Λk
(5.12)
And can be rearranged to read
kn2sin(θm) = kn1sin(θin) +
2pi
Λ
m (5.13)
In this equation 2piΛ is often referred to as the grating constant, and it represents the amount of
momentum added to the light by the grating. From the equation it is clear that a periodic diffraction
grating adds an amount of momentum equal to an integer number of grating constants to diffracted
light. Based on these calculations it would be beneficial to design and fabricate samples which have
a linearly varying grating constant, instead of grating period, to see if this more closely approximates
blazed grating functionality.
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5.1.2 Chirped grating design theory: Mathematical analysis of blazed
gratings
The following mathematical analysis of diffraction by a blazed grating in transmission. The change in
momentum resulting from light propagating through a grating is discussed in section 5.1.1 on blazed
gratings. The phase change b(x) introduced by a single period of a blazed grating can be expressed
using the symbols of figure 5.1, and based on expression 5.1:
b(x) = exp(j
2pi
λ
(n2 − n1)xd
Λ
− j 2pid
λ
n2) (5.14)
In order to understand the effect of a blazed grating on the diffraction pattern of transmitted light in
the far-field, a Fourier transform of the above expression of a single blazed grating period is performed,
as explained section 4.1.2 in the chapter on Fourier microscopy. The following calculations are based
on lecture and syllabus notes of the Microphotonics course by Professor Roel Baets [19], and are
provided detailing the several required steps to achieve the Fourier transform in order to aid the
reader in gaining understanding and encourage intuitive interpretation of the Fourier transform.
B(fx) =
∫ ∞
−∞
b(x)exp(−j2pifxx)dx (5.15)
=
∫ Λ
0
b(x)exp(−j2pifxx)dx (5.16)
=
∫ Λ
0
exp(j
2pid
λ
(n2(
x
Λ
− 1)− n1 x
λ
))exp(−j2pifxx)dx (5.17)
= exp(−j2pidn2
λ
)
∫ Λ
0
exp(−j2pi(fx − (n2 − n1) d
λΛ
)x)dx (5.18)
Abbreviating this expression slightly by substituting α = (fx− (n2−n1) dλΛ ), the expression becomes:
B(fx) = exp(−j2pidn2
λ
)
∫ Λ
0
exp(−j2piαx)dx
= exp(−j2pidn2
λ
)[
−1
j2piα
exp(−j2piαx)]Λ0
= exp(−j2pidn2
λ
)
−1
j2piα
exp(−jpiαΛ)(exp(−jpiαΛ)− exp(jpiαΛ))
= exp(−j2pidn2
λ
)
−1
j2piα
(−2jsin(piαΛ))exp(−jpiαΛ)
(5.19)
In the above equations, the integral was calculated, and an expression of complex integrals simplified
to a sine expression. The full expression for α will now be reintroduced into the equation, with
(n2 − n1) dλΛ ) = f0, a constant representing a spatial frequency.
B(fx) = exp(−j2pidn2
λ
)
sin(pi(fx − f0)Λ)
pi(fx − f0) exp(−jpi(fx − f0)Λ) (5.20)
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As we are interested in the intensity profile of B(fx), the relevant quantity is |B(fx)|2, all imaginary
components in the above expression cancel out, leaving the final expression for the Fourier transform
of a single triangular grating period to be:
|B(fx)|2 = sin
2(pi(fx − f0)Λ
(pi(fx − f0))2 (5.21)
This sinc2 function has a maximum for fx − f0 = 0, and minima for pi(fx − f0)Λ = lpi, with l 6= 0,
suggesting blazed gratings direct the majority of intensity to a single diffraction order f0.
A blazed grating consists of more than just a single grating period in reality, and adding this periodic
repetition to the Fourier transform adds an extra factor to the functions for b(x) and B(fx) above, this
factor standard for all periodically repeating structures. For a grating with N periods, this becomes:
b(x)N =
N−1∑
k=0
b(x− kΛ) (5.22)
In the Fourier analysis this results in an extra factor added to the expression
N−1∑
k=0
exp(−j2pikfxΛ) = 1− exp(−j2piNfxΛ)
1− exp(−j2pifxΛ)
= exp(−jpi(N − 1)fxΛ)sin(piNfxΛ)
sin(pifxΛ)
(5.23)
As the intensity is the value of interest, the imaginary exponential term is neutralised in this expres-
sion. Combining the effect of the blazed grating with the periodic repetition, the Fourier transform
of expression 5.22 becomes:
B(fx) =
sin2(piNfxΛ)
sin2(pifxΛ)
sin2(pi(fx − f0)Λ
(pi(fx − f0))2 (5.24)
The lefthand fraction is caused by the periodic structure of N repeats of the blazed grating triangle,
while the righthand fracture is caused by the triangular shape of each individual period. The left
fracture reaches a maximum when the denominator equals zero, so for fx =
k
Λ , for all integer values
of k (k ∈ Z). In this case, the numerator equals zero as well, as N is an integer and sin(Nkpi) = 0
with N, k ∈ Z.
For these cases the righthand side of expression 5.24 reaches a maximum when the denominator equals
zero, which is only the case for fx = f0, which occurs for a value of k = k0:
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fx = f0
k0
Λ
= (n2 − n1) d
λΛ
)
k0 = (n2 − n1)d
λ
, k ∈ Z
(5.25)
If the above expression has a solution for an integer value value of k, called k0, then the numerator
will be zero for all values of k, and reach a minimum for all values of k 6= k0. These minima overlap
with the maxima of the lefthand fracture of the entire expression, meaning that there is only one
value of fx for which both fractures reach a maximum:
fx = k0Λ (5.26)
The above mathematical analysis illustrates why a blazed grating is able to direct the majority of
the light into a single diffraction order. The order which light is diffraction into is determined by the
design parameters and material properties of the blazed grating: n1, n2, d, and Λ.
Blazed gratings designed to reflect light to a high order, by having parameter values resulting in a
large k0 value, are also called echelle, or echellette gratings. The diffraction angle of light, especially
broadband light, is spread out more at these higher orders, due to the higher order number increasing
the dispersion effects: the variation in values for θ for a wavelength range increases as m (proportional
to k0) increases, as can be told from the grating equation: sin(θm) =
mλ
d .
5.1.3 Simulation Design Results
As described in the fabrication chapter (3.2) many parameters play a role in the performance and effi-
ciency of a chirped diffraction grating. As the fabrication cycle for a single sample could easily take a
week, testing all parameter settings experimentally would be a time, energy, and resource-consuming
activity. The chirped gratings are designed with a particular goal in mind: to achieve high-efficiency
diffraction to high orders at perpendicular incidence to achieve overlapping diffraction orders, and in
order to tell whether this has been achieved, the far-field diffraction pattern can be analysed. Using
a combination of COMSOL Multiphysics (version 4.4) [152] simulations and Matlab [153] code, the
this could be achieved.
COMSOL Multiphysics [152] was used to simulate the chirped grating diffraction patterns, and the
far-field analysis was performed using functions written in Matlab [153]. A single chirped grating
superperiod was designed in Comsol, and periodically repeated using the periodicity tool available in
the software package. Initially, it was attempted to perform the far-field analysis using the Comsol
far-field tool, but when test results using basic dielectric periodic gratings did not return a sensible
far-field diffraction pattern, further investigation found that the periodicity and far-field tools could
not be combined.
In order to move the far-field outside the Comsol package, the 2D light distribution pattern (e.g. see
81
figure 5.3) was exported from Comsol in a 2D array, each cell representing the intensity value on a
pixel in the image in real space. To obtain a far-field pattern, this 2D image was Fourier-transformed
in Matlab [153], example code for this process, using a generated 2D matrix for analysis is shown in
figure 5.4.
Figure 5.3 – A light distribution pattern of a chirped diffraction grating of a plane wave at normal
incidence, obtained using COMSOL Multiphysics [152].
Figure 5.4 – An illustration of Matlab 2D Fourier transform script code. A Matlab generated 2D matrix
of a superposition of two waves at different angles of incidence (pi
6
andpi
4
degrees) is Fourier transformed,
scaled, and plotted to represent the propagation angles represented by their values on the kx and ky
axes.
The code was adapted to analyse comsol-generated real-space light distributions instead of Matlab-
generated ones, and enhanced to increase legibility and interpretation of the resulting Fourier graph.
The code was first tested using a simple air-dielectric interface and planar wave incidence. The
behaviour of this setup is described by Snell’s Law (nairsin(θair) = ndsin(θd)). As can be seen
from figure 5.5, the Comsol simulation of the light distribution pattern of a plane wave hitting the
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periodically repeated simple air-dielectric boundary behaves according to Snell′s Law with a simple
refraction of the light at the boundary. The righthand panel of figure 5.5 shows the Fourier transform
of the code of figure 5.4. This initial Fourier transform and visualisation required amendments to
increase legibility.
Figure 5.5 – The left image is a Comsol illustration of the light electric field distribution of a plane wave
being refracted by an air-dielectric interface according to Snell’s Law. The righthand image contains a
Fourier plot of the the code shown in figure 5.4, showing the pi
4
and pi
6
waves.
To facilitate the interpretation of the results on the Fourier plot, the axes were scaled to return the
sine and cosine values of the direction light travels in, multiplied by the refractive index of the medium
in which the light travels. Circles were can be added to indicate the refractive indices present in the
simulated setup, and to illustrate that all diffracted light is represented by peaks along these circles,
representing the refractive index of the medium. Figure 5.6 shows a graph containing such circles, and
the data represents the Fourier transform of a diffraction pattern resulting from a chirped dielectric
grating in air. Further code was written to enable users to select the N highest peaks in the Fourier
transform graph, and return their relative intensity and diffraction angles. The peaks can be used
to easily determine if the goal of high-efficiency diffraction ot a set of overlapping orders has been
achieved.
Figure 5.6 – Fourier plot of a plasmonic chirped grating of a periodic repeat of a supercell containing 12
Au grating strips with a height of 35 nm, and with 100nm chirp. The wavelength used for the simulation
was 400 nm. The outer circle represents diffracted light in transmission, and the smaller circle shows
diffracted light in reflection.
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5.1.4 Experimental Results and Characterisation
Figure 5.7 – An array of chirped gratings with variable chirp parameters reflecting broadband light,
showing their characteristic colourful diffraction patterns.
This section discusses the experimental results obtained with chirped gratings and covers the visu-
alisation of the fabricated samples, both with the naked eye and using an SEM, and characterising
their interaction with light. The chirped grating samples produced during this project were meant for
fabrication dose tests, measurement tests, and initial characterisation attempts. The gratings were
produced to be similar in size to the diameters of the used lasers beams, having dimensions around
500 µm to 1 mm. A sample usually contains an array of 16 to 40 individual gratings, to test several
parameter settings. Figure 5.7 contains an image of a standard sample, showing an array of gratings
with different dose, chirp, and superperiodicity parameter values. A well-known characteristic of grat-
ings is the colourful diffraction patterns they produce when illuminated, which can be observed in the
figure 5.7, where the sample is illuminated with a white light source (a phone flashlight). Fabrication
of the chirped gratings is discussed in detail in chapter 3.2.4. Figure 5.8 contains an example of an
SEM image of a successfully fabricated chirped grating. The cleancut straight, narrow lines suggest
accurate dosing, focussing, and alignment for the chosen pattern design settings.
Figure 5.8 – After testing various design and patterning parameters, the settings could be chosen to
achieve high quality gold on SU8 chirped gratings. In the above image a 10 µm superperiod with a single
pixel line grating and 100 nm chirp was chosen.
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To probe the chirped grating functionality, a broadband source measurement was performed on set of
gratings with different dose, chirp, and superperiodicity values, using a NKT SuperK supercontinuum
laser providing broadband coherent light with a bandwidth of 450nm - 2400 nm, for visualising the
diffraction of the chirped grating. The comparisons between broadband diffraction for different chirp
and superperiodicity values in figure 5.9 suggest that the main factor playing a role in establishing the
diffraction pattern is the periodic grating caused by the supercells with superperiodicity. The chirp
does influence the pattern (as shown in the different colour arrangements in figure 5.9 (a) and (b)),
but only to a limited extent. It is also not certain that these observed differences are caused by the
chirped functionality itself, as they could also be due to the effects of chirp on fill-factor influencing
the overall efficiency of the periodic grating resulting from the supercells. For detailed and accurate
analysis of the diffraction pattern quantitative spectral and intensity measurements will be required.
A first improvement in the measurement of the sample was to analyse the diffraction angles more
accurately and make it possible to view higher diffraction orders, using the Fourier setup described
in chapter 4.1.
Figure 5.9 – Broadband diffraction patterns of chirped gratings taken at normal incidence. (a) Shows
a comparison for different chirp values for a superperiod of 10 µm, where (b) shows the same range of
chirp values for a superperiod of 2 µ. In figure (c) a comparison of different superperiodicities is shown,
all with 20 nm chirp.
When placing chirped gratings in the Fourier setup for analysis, a beam block was required to obscure
the zeroth order intensity, due to the low efficiency of the fabricated gratings. The measurements
confirmed the earlier observations that the diffraction patterns follow the behaviour of a periodic
grating having the supercell as its basic period, and do not direct light into a single higher order.
The setup does provide the tool to determine the propagation direction for each diffracted order, as
shown in figure 5.10(b), returning significantly more legible and interpretable results than real space
images (e.g. figure 5.10(a)). If 532 nm Nd:YAG laser source would be replaced with a broadband col-
limated source, this analysis could be performed for a wide range of wavelengths to obtain a detailed
wavelength-specific diffraction map, a useful tool for assembling the one-to-one wavelength-to-location
2D array.
5.1.5 Future Work
The limitations and possibilities of the chirped grating fabrication process are well understood, and
the experiments performed during this project have confirmed basic ranges for fabrication pattern-
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Figure 5.10 – Figure (a) shows a real-space image of a camera focussed on a sample with a periodic
tungsten EBID grating, figure (b) in comparison is a Fourier image of a chirped grating diffraction
pattern, using a zeroth order beam block.
ing settings which result in successful sample preparation. Future work in the area should focus on
optimising the design parameter values, and once a particular design is decided upon, a dose test
fabrication run can be performed to select the optimal set of settings.
A first area where more research should be performed is the determination and further clarification
of the link between the different design parameters (e.g. fill-factor, superperiodicity, base period,
chirp etc.) and the efficiency of the chirped gratings. For samples made throughout the course of the
project, at normal incidence, the majority of the light got diffracted into the zeroth order. This could
be due to a multitude of reasons, including the fact that the tested chirped grating patterns are very
small and therefore do not fully cover the diameter of the incident beam. Producing samples with a
constant single pixel line width leads to a mostly empty space as the periodicity increases (for large
chirp and superperiodicity values), and in these cases it is possible that the narrow gold strips are not
enough to interact with all the incident light, which is why it is essential for the optimal fill-factor to
be researched.
A second task is to confirm if, when using an appropriate set of design parameters, high efficiency
diffraction to a single higher order can be achieved using chirped gratings. The experimental confirma-
tion of the equivalence between blazed and chirped diffraction gratings for a certain set of parameters
would be interesting, although not essential for the functionality of the project, as blazed gratings
are not the only tool which can assist in achieving the desired one-to-one frequency-location map.
A third activity which should be pursued is to search for Wood′s anomalies [156] [157] to confirm
the presence of plasmonic effects. One way this could be achieved is to include quantitative intensity
analysis to the Fourier microscopy setup discussed below in section 4.1.
The chirped grating application is aimed at creating a two-dimensional light array mapping frequency
to location. Several attempts were performed to create he second perpendicular grating on top of the
first chirped grating. However, none of the sample runs were successfully completed, as the alignment
of the second grating on top of the first is complicated by the thick spacer SU8 polymer layer (1:1
SU8 2000.5 : SU8 2050 [115] [117] spincoated at 2000 rpm, 2 min UV exposure, and 5 min bake at
100◦) and the gold layer masking the underlying chirped grating structures and potential alignment
markers. The function of the second perpendicular grating was illustrated on a larger scale by man-
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ually placing a dielectric grating in behind the chirped grating and observing the diffracted light.
While the development of the first (chirped) grating was still in progress, adding the second grating
was put on hold. Once the chirped grating performance and functionality is better understood, the
second perpendicular grating can be added on top of the chirped grating and the second diffraction
direction can be explored. As this step involves a well-understood simple periodic grating design, and
functionality was already illustrated with a separate grating, the research into grating parameters
should have a narrower focus.
5.2 Electron Beam Induced Deposition
Fabrication procedures used to make nanoscale structures are often complex and require a large
amount of understanding and experience. With the arrival of the Raith E-Line Plus nanoengineer-
ing system [143], containing the Gas Injection System, this experience had to built up within the
Synthetic Optics group. The results of this part of the project therefore include the development of
fabrication and characterisation methods as discussed in section 3.3.2, and based on these findings,
the design and development of specific experiments and potential applications. The results discussed
below focus on different types of structures achieved through fabrication, especially those types of
designs which are hard to fabricate using traditional lithography techniques. Part of the project
was also aimed at developing ways of characterising the optical response of the fabricated structures
using alternative plasmonic materials, aiming to determine if a plasmonic response could be detected
and quantified from the EBID-based tungsten material. However, challenges arose as a result of the
small scale of the written patterns, making the structures hard to locate on the sample using the
setup initially developed for the much wider-area spanning chirped diffraction grating samples. This
difficulty to detect the structures complicated the detection of a response.
5.2.1 Fabrication procedure
Based on tutorials by Raith technicians and on the Software reference manual [144], a detailed step-
by-step fabrication procedure with basic troubleshooting suggestions was compiled, as discussed in
detail in section 3.3.2. A shorter step-by-step practical user guide can be found in appendix 7.1.
Table 5.1 contains an overview of determined functional writing parameter ranges for electron-beam
induced deposition of tungsten.
5.2.2 Greyscale and 3D Metallic Nanoscale Patterning
A first advantage offered by the GIS system is that it makes greyscale and 3D deposition possible.
When writing 3D structures the stage should ideally be moved down slightly for each consecutive
layer to keep the focus of the system at the location where the material is being deposited. This
can be achieved manually or through a script, if the patterns are being written using a positionlist.
However, during the project it was found that this working distance adjustment is not an essential
requirement to achieve small 3D structures. Tests were performed which showed that the height of
the narrow columns can be varied simply by changing the dose factor. Image 5.13 shows an SEM
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Table 5.1 – The table gives an overview of writing parameters used during the project to deposit
Tungsten on a silicon substrate. These values and ranges are not the only possible options to obtain a
tungsten deposit, they are merely example values which were found to have positive deposition results
during testing.
Parameter symbol value
Current I 0.18 - 0.21 nA
Dwell time td 150 - 450 ms
Basic step size sb 10 - 20 nm
Line spacing sl 10 - 20 nm
Dot dose dd 15 - 30 pC
SPL dose dSPL 30 - 40 e
6 pC/cm
Area dose da 15-40 e
6 µC/cm2
Settling time ts 1 ms
EHT VEHT 3kV
Aperture A 30µm
Figure 5.11 – Image of the GIS nozzles driven down to the surface to perform the electron-beam
induced deposition. When zoomed out to a small magnification value, the nozzles are visible in the
detector viewing window when operating the machine.
image of a test sample with narrow spiraling columns achieved by writing dots in a concentric writing
configuration, at dose factors of 1, 2, 5, 10, and 20. Next to it, a concentric write of a circle resulted
in a 3D helical structure by halving the basic step size, effectively quadrupling the dose per area.
Although it might seem obvious that depositing more material in a certain location by increasing the
dose in that area leads to a higher deposited structure, to achieve this feature would be anything but
straightforward using traditional lithography techniques. As the increased height of the structures
might make them more easily detectable and change their interaction with incident light, this fabri-
cation strategy was employed when trying to make samples intended to detect a diffraction pattern
with the Fourier setup (see section 5.2.5). The SEM images shown in figure 5.14 shown a 2D array
of 3D columns written attempt to cause and detect a Fourier response.
5.2.3 Point-and-Shoot Writing and Precise Alignment
When using the Gas Injection System in ad hoc writing mode, the advantages of precise alignment
as a result of the point-and-shoot writing method become apparent. Next to performing dose and
parameter tests for each write, using the same alignment settings and sample, it is possible to pre-
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Figure 5.12 – SEM images showing an overview and close-up views of the unsuccessful write of the
words synthetic optics. The balance between the settings was not achieved, and the deposited material
detached from the substrate surface, potentially caused by a base dose for a single loop which was set
too high. The images show how the material has clearly lifted off from the surface, as shown by the
different points at which the branches are in focus in the bottom two images of this figure.
Figure 5.13 – An SEM image of the first successful 3D writing test, containing spiraling columns
achieved through increasing the dose factor, and a 3D spiral caused by decreasing the step size when
writing a concentrically filled-in circular structure. The image also shows the dose tests on dots, alignment
issues for writing shapes, and an accidental diagonally stacked rectangular 3D structure.
cisely align and customise written features for specific sample configurations and topography.
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Figure 5.14 – A 2D array of 3D columns written to increase the surface area covered in EBID structures,
and to stimulate an optical response, detectable by the Fourier microscopy setup.
A first example comes in the form of adding metal contacts to quantum-dot containing GaAs/AlGaAs
nanowires (NW) on silica-on-silicon wafers to control their emission properties [155]. The NW sam-
ples were provided as part of a collaboration, by Dr Zhang-Kai Zhou from the School of Physics and
Engineering, Sun Yat-sen University, in Ghuangzhou, China. The nanowire structures are spread
randomly across the sample surface, and where the precise alignment of metal contacts on these
nanowires would be an enormous challenge using traditional lithography techniques, here it can be
achieved in a single step. Figure 5.15 shows two examples of metallic contacts on nanowires, in 5.15(a)
the entire NW is enclosed within several deposited layers of tungsten, following a detailed path along
the unique silhouette of the NW. In 5.15 (b), a metallic solid pattern has been added to one end of
the NW. Grating structures like this could help couple light into a NW, and other potential designs
(e.g. mirrors) could be used to increase and enhance the interaction of light with these structures
(e.g. induce resonances). The images were taken with the SEM of the e-beam lithograph, as it can
be challenging to relocate a single NW on a large sample covered in them.
Figure 5.15 – The figure shows e-beam SEM images of metallic tungsten structures being added to
individual nanowires, spread randomly across the sample surface. (a) shows a nanowire being encased
by a metal coating around its edge; (b) shows a metal contact being added at the edge of a nanowire
at the bottom right of the image. A test pattern has been written above and to the right of the actual
contact.
A second example illustrating the benefits of point-and-shoot writing with precise alignment is the
ability to write on a fibre tip. Figure 5.16 shows e-beam SEM images of a photonic crystal hollow
core fibre with GIS structures added to the tip of the fibre. The fibre was loaded into the E-Line
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Plus system, and the alignment procedure (see 3.3.2) was performed on the tip of the fibre, instead
of at the surface of the sample holder. The already complex procedure was further complicated by
the non-conductive nature of the fibre, which caused the electron beam to charge up the surface and
deflect the beam, deforming both the formed image and the written patterns. The quality of the
write and the SEM images is not great, and adjustments would have to be found to try and overcome
the charging of the sample.
Figure 5.16 – Electron-beam induced deposition of tungsten on a hollow-core photonic crystal fibre-tip
was attempted. Although some material was deposited, the lack of conductivity made the imaging and
deposition unstable. Recipe settings would also require optimisation for deposition on glass and to build
a bridge over the hollow cores. Image (a) shows several hollow cores, with the lighter areas indicating
where material has been deposited. Image (b) illustrates how the charging up of the fibre tip interfered
with the deposition patterns of straight lines.
5.2.4 3D writing on nanowires
In one of the examples above, customised features are designed and aligned to randomly placed and
oriented nanowires lying flat on a silicon surface. In the following example, a sample with nanowires
standing up on a GaAs surface is used, and EBID structures are added on top of the tips of the
NWs, the metallic structures intended to cause plasmonic interaction with incident light. Figure 5.17
shows an e-beam SEM image of a NW standing up, before and after deposition of a circular feature
on its tip. Figure 5.17 contains an overview of SEM images of several types of patterns deposited
on NW tips placed at different angles. Figure 5.17(a) has two small spirals added on its NW tip,
resulting in the remarkable appearance of the patterned NW tip having a pair of eyes, earning it the
nickname Nanosnake. Figure 5.17(b) shows a circular shape added to the NW tip, which could be
used to induce chiral effects. In figure 5.17(c) a simple line grating is deposited for diffracting light
interacting with the nanowire, and in figure 5.17(d) a bowtie antenna shape is added to the NW tip
which could be used to focus light and achieve high localised intensities.
In order to be able to take the SEM images of the patterned NWs, a system had to be found to
locate the NWs on the sample surface. Figure 5.19 illustrates the method employed to achieve this.
E-beam SEM images were taken at a range of magnifications, to identify the location of the patterns
in a stepwise manner, from small recognisable markers on the sample substrate.
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Figure 5.17 – Electron-beam induced deposition of tungsten on nanowires standing up on the sample
surface. (a) shows the addition of small column on the tip of a NW, (b) has a circular feature added to
the NW tip, in (c) grating lines have been added, and in (d) a triangular nanoantenna pattern has been
written.
Figure 5.18 – A NW on GaAs substrate, before and after GIS electron-beam induced deposition of a
circular tungsten pattern on the tip of the NW.
5.2.5 Measurement and Characterisation of EBID nanostructures
The Fourier setup as it was built relied on visual alignment of the laser beam onto the structures on
the sample. This was no issue for the chirped grating samples as they tended to be visible with the
naked eye, being several square millimeters in size. However, the EBID patterns written onto samples
covered areas in the range of square micrometres, making them harder to detect.
Their small size is not the only property of the tungsten on silicon structures complicating their detec-
tion. The silicon substrate and tungsten deposited material are visually very similar, with a metallic
shiny look and silvery colour. The very thin thickness of the deposited tungsten is in the range of
tens of nanometers, and the low contrast in both depth and visual response makes these tungsten
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Figure 5.19 – A method for locating patterned features using a series of images at different magni-
fications to track down the patterned nanowires by zooming in to the correct location based on the
map.
structures hard to detect on the silicon substrate even with an optical microscope. Figure 5.20 shows
the optical microscope and SEM images of a periodic grating structure from EBID tungsten material.
Figure 5.20 – Figure (a) is an optical microscope image taken at 100x magnification of a 20 by 30 µm
periodic grating with 1 µm peridoicity, made from EBID tungsten material. (b) Shows an SEM image of
the same grating and (c) contains a detail of the grating, with measured width of the deposited tungsten
grating line around 40 nm.
In order to locate the small structures and aid their alignment with the laser in the Fourier setup,
a scratch pattern was applied to the silicon surface to provide identifying marks on the sample sub-
strate. The EBID-written patterns were placed in close proximity to one of the scratches to facilitate
determining their location visually. However, the structures needed to be placed sufficiently far away
from the scratches in order to avoid diffraction and scattering effects from these scratches, as those
effects would overpower any patterns occuring as a result of the significantly smaller EBID structures.
The placement of the structures relative to the scratches proved problematic as a misalignment caused
by misinterpretation of the system parameters, as set out below, resulted in the actual patterns being
written in a different location than originally intended.
In a GDSII file [145] for a 100 µm write field, the structures are usually placed in the bottom left
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corner at coordinate (0,0), but when positioning the GDSII file in a positionlist based on coordinates,
this system does not align the (0,0) coordinate of the GDSII file with the instructed set of coordinates,
but instead places the centre of the write field at the instructed location. For a 100 µm write field
this confusion between the bottom left corner and centre of the write field causes a (50 µm, 50 µm)
misalignment downward and to the left. Because the size of the written structures was considerably
smaller than half of the writefield size, this caused several samples to fail as the structures could at
first not be located in their expected position, and several of the samples ended up with patterns
being written to close to or on top of one of the scratches applied to the substrate for alignment
purposes, as illustrates in figure 5.21.
In the end, to facilitate the detection of a Fourier response from structures written using EBID, their
height was increased in an attempt to increase the efficiency in which they interact with light. The
design was simplified so that the total area covered by the written structures could be increased to
improve the chances to align the laser beam with the pattern.
Figure 5.21 – Misalignment of the nanoantenna patterns onto a sample due to 50 µm positionlist
alignment shift. The lefthand subfigure shows an e-beam SEM image of three nanoantenna arrays
positioned on a scratch, and the righthand image shows a close-up SEM image of the nanoantennas on
the scratch.
When scanning the sample surface of the 2D array of 3D columns (see figure 5.14) with the Fourier
setup, the image shown in figure 5.22 was recorded. When comparing this image to the results pre-
sented in the 2006 paper by Van Dorp et al. in the Journal of Microscopy of electron diffraction
patterns by nanoscale EBID W (CO6) material dot arrays, the patterns are similar. This suggests
that the EBID tungsten pattern might have been detected using the Fourier microscopy setup.
5.2.6 Additional notes on EBID
During the project, a step-by-step manual was developed to operate the GIS equipment to perform
electron-beam induced deposition, but the processes and menu settings are still in need of further
development. Two specific examples of unexplained occurences during the writing process are dis-
cussed below.
A first example of unexplained GIS writing phenomena is illustrated in figure 5.23: during the fab-
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Figure 5.22 – A Fourier image taken during the scan of a silicon sample carrying a 2D dot array of
tungsten 3D columns.
rication of the tungsten EBID samples, an undesirable drift was often noticed when writing larger
patterns. The drift was not consistent in its direction or the extent of the effect. It is not understood
what is causing these drifts, and if it is caused by the user-selected parameter and/or alignment
settings, or if it is caused by an issue in the system itself.
Figure 5.23 – Illustrations of drift issues experienced during longer writing times. The left picture
shows the steep and sudden upward drift of what was intended to be a rectangular nanoantenna array.
The right picture shows a slight drift to the right at the end of a write of a rectangualr array 2D columns.
Another undesirable effect observed during the fabrication of EBID samples was the deposition of
a layer of material around areas with large amounts of deposited material (see figure 5.24), which
suggests it is a side effect present during all depositions, but made more prominent due to the larger
amount of deposited patterned material. It would be interesting to find out which settings are causing
this excess deposition, if changes in parameter settings can decrease the deposition, and if this is the
case, what these settings are.
Next to further developing the methods and understanding of the fabrication procedure, a better
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Figure 5.24 – The figures show evidence of unwanted deposition around areas where patterns were
written. The light area around the column array has been covered in a layer of unwanted deposited
material. The other two images show close-up SEM images of the accidentally deposited layer.
and more tailored measurement setup needs to be developed to characterise the samples. In a first
part of future work, an optical response of GIS-written structures should be confirmed, potentially by
changing the Fourier setup to be more accommodating to the smaller structures. Once this has been
achieved, designs should be fabricated to confirm if plasmonic effects are present (e.g. by detecting
Wood’s anomalies [156]), and the efficiency of the deposited tungsten material as a plasmonic material
should be quantified.
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Chapter 6
Conclusion
In the field of nanophotonics research, the scaling down of optical devices has been a key objective.
With their ability to arbitrarily control light beyond the diffraction limit using nanoscale structures,
plasmonics are a valid and logical candidate to attain this size reduction. The promise of exceptional
results and widespread applications has attracted growing research efforts, resulting in a steady in-
crease in publications in the fields of nanoplasmonics and metamaterials since the 1990s. As research
has advanced, a more realistic view on the potential applicability of nanoplasmonics has emerged,
with a better understanding on feasible applications and unavoidable limitations of plasmonic per-
formance. New fabrication techniques and plasmonic materials are being explored with the intention
to tailor them to specific applications and manage their intrinsic limitations.
The aim of this thesis was to investigate the design, fabrication, and characterisation of nanoplas-
monic samples made using Electron Beam Lithography (EBL) and Electron Beam Induced Deposition
(EBID), and to compare the two processes and resulting features. The use of the EBL system came
with all the benefits of a mature technology, with a solid understanding of the meaning of different
parameter settings and a lot of prior practical experience of using the system available in the research
group. The experience with using the system meant that recipes for plasmonic designs could be
started from a basic set of parameters delivering a good starting point, and the understanding of the
effect of different parameters meant that the optimisation of recipe settings could be performed in a
targeted and efficient way. In contrast to EBL, the use of the gas injection system for electron-beam
induced deposition of metal patterns came with the drawback of not having access to experience or
understanding of the process, or a conclusive body of literature detailing the significance of para-
mater settings. However, EBID offers elegant and simple solutions to problems which for top-down
etch-back EBL techniques would have been almost insurmountible. Point-and-shoot direct writing
on sample surfaces, and the resulting possibility of precise alignment and custom design tailored to
arbitrary patterns on a substrate are actions EBL could not perform. The possibility to write three-
dimensional and greyscale patterns is also a strong advantage of EBID over EBL. Three-dimensional
structures and alignment of patterns on arbitrarily placed collapsed and standing nanowires were
presented.
It is important to note that EBL and EBID are not intended to be competing fabrication techniques,
as EBID delivers a single-step nanoscale pattern in a chosen material, whereas EBL only delivers the
nanolithographic patterning step of a muli-step fabrication process. The comparison between EBL
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and EBID is should therefore not be made of the finished products, but of their ability to deliver
nanoscale structures. Each of the two technologies has its own strengths and weaknesses, with EBL
and the other steps in that nanofabrication process delivering high-quality products, and EBID en-
abling to fabricate structures that would be challenging or impossible to make using EBL. EBID is
therefore a desirable fabrication technique for structures EBL cannot deliver, including greyscale and
3D patterning, and on-sample nanoscale alignment.
As a design taken through the development, fabrication, and characterisation steps to compare the
two methods, chirped gratings were shown to be a discrete and planar alternative to blazed diffraction
gratings. The linear momentum change associated with the optical path length difference induced
by triangular blazed gratings was shown to be achieved by linearly varying the inverse of the grating
period 1d . Simulations were developed using Comsol [152] and Matlab [153] to interrogate the influ-
ence of several design parameters including fill-factor, chirp, base period, etc. on the performance of
the chirped diffraction grating. A fabrication recipe for gold chirped gratings on SU8 flexible mem-
branes was developed for electron beam lithography, and the performance of the resulting samples
was investigated using a Fourier Microscopy setup imaging the far-field diffraction patterns. Chirped
grating far-field diffraction patterns were successfully observed using the Fourier microscopy setup,
although their diffraction efficiency was considerably lower than that of a dielectric periodic grating
used for calibration of the setup. It was found that EBID structures were not straightforward to de-
tect using the same Fourier setup, and a series of EBID patterns were written covering a larger area
in an attempt to observe an optical response. A diffraction pattern resulting from a two-dimensional
tungsten dot array was potentially detected using the Fourier microscope in reflection, but the result
was not conclusive.
Although the theoretical advantages and benefits of EBID over traditional EBL are clear, in exper-
imental results, EBID structures did not elicit a significant optical response, and further research
will be needed to optimise their material quality and performance. When patterns can be produced
using EBL fabrication techniques, the EBID samples of this thesis could not compete with their EBL
counterparts, but for cases beyond predictable alignment and planar features, alternatives to EBL
are necessary. Further development of EBID technology and patterning settings will be required to
let the fabrication possibilities live up to their potential for optical applications.
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Chapter 7
Appendices
7.1 Appendix 1: E-Line GIS Practical User Guide
A. Setup
• Start the Elphy program as a GIS/Nanomanipulator User
• Load the sample into the machine on the Ultra-Flat Stage
• Check whether the GIS nozzles and nanomanipulators are parked (their circles should be blue,
if they are red or grey they are not correctly initialised)
You will not be able to drive the nozzles down if the Nanomanipulators or GIS nozzles are not
initialised, so make sure to check this
– If they are NOT initialised, drive the stage down to z = 1 mm manually and start the
initialisation procedure (you might need to do this as admin). The initialisation can
be found by clicking the button icon with a ruler icon at the top left of the GIS and
Nanomanipulator menus
– If this also fails, log in as admin and check whetehr the Nanomanipulators or GIS nozzles
are LOCKED. If they are, unlock them.
• Once everything is correctly initialised, turn on the nozzle heaters
• Select the write settings: Aperture 30 µm, EHT 3 kV, WD 10 mm
• Drive the stage to z = 25.5 mm
• Measure the Faraday Cup current (USB TV needs to beturned off for this to succeed)
• Adjust origin, angle correction, focus, aperture, and stigmation alignment settings
• Set WD to exactly 10 mm (to 1 µm precision at least)
This is an iterative procedure as follows:
Start at z = 25.5 mm
Repeat:
– Focus on sample
– Read WD (in the ’read W’ menu box) and adjust W (disable the ’read from CCD’ option)
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– Drive to W = 10.000 mm
• Once this is done, SAVE your settings into your preselected mode
• Start the OUTGAS procedure (EHT needs to be turned off to read the pressure inside the
chamber.) This can bedone before the nozzles are driven down
– The system vacuum should be below 1e−5 mbar, ideally around 3 e−6 mbar
– Turn off EHT
– Monitor the pressure using the Gun Monitor Program
– Use outgas ON times of 0.3 s, 0.5 s, and 0.7 s
• Drive Nozzle in
• Load the Nozzle in second preselected Mode
Writing Structures in GIS
1. Writing Ad Hoc
• Open a single image (e-Line will go into patterning mode), there is an icon on the task bar of
a new window with a + sign next to it
• Use ALT + DRAG to drag the GDSII file into the window. This will also open the drawing
tools section in the toolbox
• Drag the recipe (e.g. Tungsten Line No Loops) onto the desired structure or use A to change
the patterning attributes (= recipe settings) of the selected structure
• Make sure to adjust the recipe’s system settings (e.g beam current)
2. Writing Using Positionlists
• Use macros to open/close valves at the start/end if positionlist
• For 3D writing, use macros to read the initial working distance (WD) and to change it (1 mum
decrease in WD per layer suggested by Raith in test write)
• To set the recipes for the different structures:
– Go to the desired GDSII file, click EDIT
– Select the relevant structure(s)
– Press A to make the patterning attributes menu appear and select DEPOSITION
– Click SAVE
3. Setting Recipe Values
• Load the correct current by selecting that option and clicking OK
do not click the pipette icon, it will drive to the Faraday Cup without moving the nozzles to
PARK position, and could cause damage
• Select the type of exposure in the dropdown menu
• Set general recipe parameters (step size, line spacing, loops, ...) Smaller step/line spacing sizes
increase the amount of deposition in that location, as do more loops
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• For each style of deposition (Area, Single Pixel Line, Dot) set dwell time, dose, and select
deposition specific requirements (e.g. direction and shape of pattern drawing)
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